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

The Territory Government is committed to supporting and growing the exploration industry, which 
is essential for the future development of our resources sector. 2015 was another challenging year 
for the exploration industry globally, with low prices for many commodities and difficulties for 
junior explorers in accessing risk capital for exploration. However, I am pleased to note that the 
Territory has increased its share of Australian exploration expenditure over the past year, and the 
Government is committed to ensuring that we provide an environment that further encourages 
exploration investment. We remain focussed not only on supporting industry through exploration 
initiatives, but also on streamlining and simplifying our regulatory processes and timeframes, and 
implementing a more risk-based approach to regulation.

The AGES conference plays an important and unique role in bringing together both petroleum and 
minerals explorers to share insights into the Territory’s geology and resource potential. We are now approaching the half way point 
of the Government’s four year, $23.8 million Creating Opportunities for Resource Exploration (CORE) initiative. CORE is the 
largest ever investment in an exploration initiative by a Territory Government, and AGES will showcase much of the new geoscience 
data and information that is being produced from the initiative. It will also highlight many of the exciting new developments and 
discoveries across the Territory over the past year that demonstrates the Territory’s outstanding resource potential.

I hope you will find AGES 2016 both enjoyable and informative, and that it will assist you in identifying some of the many exciting 
exploration opportunities here in the Territory.

Hon. David Tollner, MLA
Minister for Mines and Energy
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Site plan
Department of Business Mining Services Expo  
Alice Springs Convention Centre, 15–16 March 2016
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Overview of mineral and petroleum exploration and production in 2015
Ian R Scrimgeour1,2

1 Northern Territory Geological Survey, GPO Box 4550, Darwin NT 0801, Australia 
2 Email: ian.scrimgeour@nt.gov.au

© Northern Territory Government March 2016.  Copying and redistribution of this publication is permitted but the copyright notice must be kept intact 
and the source attributed appropriately.

Exploration statistics

Minerals

The ongoing downturn in minerals exploration continued 
in 2015 as lower commodity prices and a lack of investor 
confidence continues to impact on exploration budgets. 
According to Australian Bureau of Statistics (ABS) 
figures, mineral exploration expenditure in the Northern 
Territory (NT) in 2014-15 was $95.7 million, down 19% 
from $118.4 million in 2013-14 (Figure 1). However, the 
NT increased its share of Australian exploration relative 
to other jurisdictions. For the first time since 2003/04, 
mineral exploration expenditure in the NT in 2014/15 was 
higher than South Australia’s expenditure ($86.2 million). 
Mineral exploration expenditure Australia-wide in 2014/15 
was $1.58 billion, down 24% from the $2.07 billion the 

previous year. NT had a steady increase in expenditure 
classified by the ABS as greenfields (away from known 
deposits) with a 19% increase in greenfields expenditure 
from $23.2 million in 2013/14 to $27.6 million in 2014/15. 
Over the same period, Australia-wide greenfields 
exploration dropped by 29%. 

In terms of exploration by commodity (Figure 2), a 
collapse in iron ore exploration expenditure in 2014/15 
was partially offset by substantial increases in exploration 
expenditure for gold ($35.4 million, up 28%) and base 
metals ($8.7 million, up 30%).

At the end of 2015, there were 905 granted non-
extractive mineral exploration licences (compared with 
1050 at the end of 2014) and 746 outstanding exploration 
licence applications. During 2015, 195 applications 
were received, 120 granted and 440 licences were 
relinquished.

Sep
-20

00

May
-20

01

Ja
n-2

00
2

Sep
-20

02

May
-20

03

Ja
n-2

00
4

Sep
-20

04

May
-20

05

Ja
n-2

00
6

Sep
-20

06

May
-20

07

Ja
n-2

00
8

Sep
-20

08

May
-20

09

Ja
n-2

01
0

Sep
-20

10

May
-20

11

Ja
n-2

01
2

Sep
-20

12

May
-20

13

Ja
n-2

01
4

Sep
-20

14

May
-20

15
0

50

100

150

200

$ 
(m

ill
io

n)

250

300

350

400

A1
6-

09
1.

ai

NSW
Vic
Qld
SA
Tas
NT

Figure 1. Annual exploration 
expenditure for all minerals 
except coal and petroleum, for all 
Australian states (excluding Western 
Australia, who has $917.7 million in 
expenditure in 2014/15) calculated 
quarterly, for the 16 years to the June 
2015 quarter. 

Figure 2. Breakdown of exploration 
expenditure by commodity as 
measured by ABS, for each financial 
year from 2000/2001 to 2014/15.
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Cameco Australia – 
Angularli U
20.2 m @ 5.2% U3O8
including
0.5 m @ 27.8% U3O8

Energy Resources 
of Australia – 
Ranger 3 Deeps U
39 m @ 0.88% U3O8

Rox Resources – Teck Australia – 
Teena Zn-Pb
38.8 m @ 14.65% Zn, 2.3% Pb including
20.0 m @ 19.37% Zn, 3.07% Pb

Rox Resources – Bonya Cu
38 m @ 4.4% Cu
Tellus Holdings – Chandler NaCl
Maiden Measured resource
309 Mt NaCl 
(average grade 88.6% NaCl)

ABM Resources – 
Buccaneer Au
19 m @ 5.82 g/t Au

MetalsX – Curiosity Pb-Zn-Au 
11.7 m @ 3.73% Pb, 4.86% Zn,
 1.02 g/t Au, 33 g/t Ag, 
 0.24% Cu

TNG Limited – Mount Hardy Cu
10.3 m @ 1.35% Cu
13 m @ 1.17% Cu, 1.82% Zn, 
 0.46% Pb

Independence Group – 
Bumblebee Cu-Au-Ag
7 m @ 3.3% g/t Au, 37.7 g/t Ag, 
 3.2% Cu, 0.9% Pb, 
 1.3% Zn, 0.08% Co

Northern Star Resources – 
Groundrush Au
13 m @ 8.7 g/t Au

Emmerson Resources – 
Goanna Cu-Au
7 m @ 5.98% Cu

Redbank Copper Ltd - Bluff Cu
68 m @ 1.21% Cu

Blaze International – Bluebird Cu-Au
16 m @ 3.02% Cu, 0.65 g/t Au, 0.1% Bi
20 m @ 8.17 g/t Au, 0.61% Cu, 0.22% Bi

Emmerson Resources – 
Maurentania Au-Cu-Ag
31 m @ 3.49 g/t Au, 18 g/t Ag, 0.45% Cu
26 m @ 1.08% Cu, 15 g/t Ag, 0.48 g/t Au

PNX Metals – Iron Blow
Au-Zn-Ag-Cu-Pb
50.39 m @ 10.12% Zn, 2.66 g/t Au,
 283 g/t Ag, 0.57% Cu, 
 1.39% Pb

Thessally Resources – Huandot Mg
Updated resource
9.1 Mt @ 44.3% MgO

PNX Metals – Mount Bonnie 
Au-Zn-Ag-Cu-Pb
8 m @ 12.3% Zn, 2.41 g/t Au, 321 g/t Ag,
 0.5% Cu, 2.5% Pb

Minemakers Ltd – Wonarah P
Updated resource
842 Mt @ 18% P2O5, 
including 66 Mt @ 28% P2O5
 

MetalsX – Rover 1 Cu-Au
20.9 m @ 14.5 g/t Au, 6.0% Cu,
 0.2% Bi, 0.08% Co

Arafura Resources – 
Nolans REE
Updated resource
56 Mt @ 2.6% REO, 12% P2O5,
 0.02% U3O8

Rum Jungle Resources – 
Karinga potash
Updated resource
8.4 Mt K2SO4  (4.76 kg/L3 brine)

KGL Resources – 
Jervois Cu-Ag-Au (-Pb-Zn)
30.5 Mt @ 1.07% Cu, 23 g/t Ag
Bellbird: 7 m @ 8.88% Cu, 
 0.29 g/t Au, 96.5 g/t Ag
Marshall-Reward: 
18 m @ 19.63% Pb, 3.77% Zn, 732 g/t Ag, 
 0.88% Cu, 0.61 g/t Au
 

Rum Jungle Resources – 
Ammaroo P
Updated resource
1145 Mt @ 14% P2O5 

Arunta Resources – 
Hatches Creek W
Maiden resource (stockpiles)
225,066 t @ 0.58% WO3

Alligator Energy – Gorrunghar U
7 m @ 0.29% U3O8

Pacifico Minerals Ltd – 
Coppermine Creek Cu
10 m @ 1.3% Cu
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Figure 3. Map of the Northern Territory showing selected mineral exploration highlights for 2015.

Petroleum

Petroleum exploration activity, whilst affected by the sharp 
downturn in oil and gas prices, remains at relatively high 
levels in the onshore NT. ABS exploration expenditure 
figures combining both onshore and offshore petroleum 
exploration for the NT (including substantial areas of the 
offshore Bonaparte and Browse basins) indicate expenditure 
of $510.0 million in 2013/14, but are not available for 
2014/15 as insufficient companies reported expenditure in 
the first two quarters of 2015 for the ABS to release results. 

Expenditure reported to DME for onshore exploration in the 
NT during 2015 was approximately $121.2 million. At the 
end of 2015, in the onshore NT and coastal waters, there 
were 54 active exploration permits, 3 retention licenses and 
5 production licenses. 

Exploration and production highlights

Figure 3 shows selected exploration highlights for 2015. In the 
following summary of exploration and mining results for the 
Territory during 2015, all mineral resources are assumed to have 
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been reported in accordance with the JORC or NI43-101 codes. 
Where resource categories are not listed, readers are directed 
to the original sources for this information. Most material cited 
here has been sourced from company websites, news releases 
and Stock Exchange announcements by companies. As a result, 
details of exploration by some private and other non-listed 
companies that do not report publicly could not be included.  
Mineral production statistics for the NT for 2014/15, collected 
under the NT Mineral Titles Act, are given in Table 1.

Gold and copper-gold

Pine Creek Orogen
Newmarket Gold Incorporated (formerly Crocodile Gold 
Australia Pty Ltd) continued gold production from their 
Cosmo Deeps underground mine north of Pine Creek 
(Figure 4). Gold production from Cosmo Deeps in 2015 
totalled 63 255 oz at an average grade of 2.99 g/t from 
725 002 t milled, a 19% decrease in production from 2014. 
At the end of 2014, the Mineral Resource for Cosmo mine 
included a Measured Resource of 1.56 Mt at 3.68 g/t Au, an 
Indicated Resource of 3.45 Mt at 3.20 g/t Au and an Inferred 
Mineral Resource of 0.96 Mt at 2.72 g/t Au, for a total 
contained mineral resource of 0.62 Moz of gold. Newmarket 
undertook 16 700 m of exploration drilling around Cosmo 
Deeps during 2015, targeting new lodes outside the current 
mine plans. Drill intersections included 11.4 m at 14.79 g/t 
Au from the Silver Lode, 4.32 m at 7.42 g/t Au from the 
Western Lodes, 7.54 m at 5.33 g/t Au from the Inner Dolerite 
Target and 22.75 m at 4.34 g/t Au from the ‘Central Internal 
Metasediments’. Drilling of down-plunge extensions 200 m 
below the current base of the Mineral Resource intersected 
5.7 m at 5.85 g/t Au.

In May 2015, Newmarket commenced a preliminary 
economic assessment on the Maud Creek project, which 
has an Indicated Mineral Resource of 7.7 Mt at 3.50 g/t Au 
for 871 000 oz and an Inferred Mineral Resource of 4.2 Mt 
at 2.50 g/t Au for 343 600 oz gold. In late 2015, Newmarket 
announced that they were commencing an 87 hole, 5740 m 
drilling program at the Esmeralda project, 7 km southeast 
of Union Reefs. Esmeralda has Inferred Mineral Resources 
of 1.06 Mt at 2.06 g/t Au

Primary Gold Ltd continued to progress approvals 
for their Toms Gully gold project located 100 km east of 
Darwin. Toms Gully contains Indicated and Inferred Mineral 
Resources of 1.1 Mt at 8.9 g/t Au containing 315 000 oz. This 
forms part of larger resource for their Mount Bundey project 
area of 41.35 Mt at 1.1 g/t Au for a contained 1.43 Moz of gold. 
Mineralisation at Tom’s Gully occurs in a shallowly dipping 
quartz-sulfide vein hosted within graphic shale and siltstone 
of the Wildman Siltstone. The vein dips at around 30° south 
at the surface, to near horizontal at 280 m depth. 

The Spring Hill gold deposit, 25 km north of Pine Creek, 
is hosted in greywacke and siltstone of the Mount Bonnie 
Formation, with gold occurring mainly in quartz veins that 
are concentrated in fracture zones and the axial zones of 
anticlines. The deposit has an Indicated Mineral Resource 
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 grade; it and remains open at depth. 
During 2015, Thor Mining PLC acquired the balance of the 

Table 1. 2015 Northern Territory mining production.

Commodity Unit of 
Quantity

2014–151,5

Quantity 
Produced2

Quantity 
Sold3

$ Amount for 
Quantity Sold4

Metallic Minerals

Alumina 6 Tonnes 0 27,500 $8,601,340

Alumina 
Hydrate 6 Tonnes 0 63,625 $20,705,912

Bauxite 7 Tonnes 6,870,769 6,987,336 $368,732,008

Gold 8 Grams 521 0 $0

Gold Dore 9 Grams 14,572,595 14,749,758 $684,282,128

Iron Ore Tonnes 901,028 1,241,362 $64,603,193

Manganese Tonnes 5,695,710 5,407,585 $971,889,435

Mineral Sands Tonnes 0 0 $0

Lead 
Concentrate Tonnes 20,240 2,023 $2,372,811

Zinc Concentrate Tonnes 159,673 184,951 $189,831,981

Zinc Lead 
Concentrate Tonnes 424,777 444,585 $490,633,521

 Metallic 
Minerals Value $2,801,652,329

Non-Metallic Minerals

Crushed Rock Tonnes 2,458,360 2,343,356 $52,026,041

Dimension Stone Tonnes 6,000 3,500 $112,000

Gravel 10 Tonnes 812,260 771,354 $8,721,337

Limestone Tonnes 0 0 $0

Mineral 
Specimen Tonnes 0.75 0.45 $89,310

Quicklime 11 Tonnes 0 0 $0

Sand Tonnes 811,206 772,664 $17,429,665

Soil Tonnes 30,346 24,186 $570,995

Vermiculite Tonnes 0 0 $0

Non-Metallic 
Minerals Value $78,949,348

Energy Minerals

Uranium Oxide Tonnes 2,025 2,868 $376,270,811

Total Minerals 
Value $3,256,872,488

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 30 Sept 2015 and may be subject to revision due 
to late lodgements and/or receipt of superior data. 
6. Alumina and alumina hydrate are derived from bauxite. Processing 
input and output data is deemed operator commercial-in-confidence.
7. Quantity produced represents total bauxite production. Quantity 
sold and $ excludes input for alumina production. Processing input and 
output data is deemed operator commercial-in-confidence. 
8. Pure gold (100% ); does not include gold reported as gold dore.
9. Estimated metallic content of gold dore is 92.0% gold and 8.0% 
silver.
10. Average sales values have been applied to some non-metallic 
minerals if this information was not supplied.
11. Quicklime is derived from limestone. Processing input and output 
data is deemed operator commercial-in-confidence.



AGES 2016 Proceedings, NT Geological Survey

4

equity in the project to take 100% ownership. No further 
exploration was reported on the project in 2015. 

Vista Gold Corporation (Vista) continued water 
management, permitting and project optimisation work 
at their Mount Todd project, northwest of Katherine. 
Mineralisation at Mount Todd is contained in a stockwork 
of quartz veins and their margins, hosted within 
metamorphosed interbedded siltstone, shale and minor tuff 
of the Burrell Creek Formation. Mineral resources at Mount 
Todd include Measured and Indicated Mineral Resources 
of 279.6 Mt at 0.82 g/t Au containing 7.40 Moz of gold, 
and Inferred Mineral Resources of 72.5 Mt at 0.74 g/t Au 
containing 1.73 Moz of gold. Proven and Probable Ore 
Reserves are 222.8 Mt at 0.82 g/t Au containing 5.90 Moz 
of gold. During 2015 Vista undertook conceptual drilling 
on three targets, two of which were within the Mt Todd 
exploration license areas and the other of which was below 
the Batman deposit mineralised zone; results from the 
drilling have not yet been announced.

Tanami–Arunta regions
The Tanami gold province straddles the NT–Western 
Australia border. The Callie mine, located 550 km 
northwest of Alice Springs, is operated by Newmont 
Mining Corporation (Newmont) and produced 345 000 
oz of gold during 2014. Mineralisation at Callie consists 
of high-grade Au-quartz veins in folded carbonaceous 
siltstone in the lower part of the Dead Bullock Formation. 
Callie was discovered in 1991 and mining commenced in 
1995. As of 31 December 2014, the Proven and Probable 
Ore Reserves at Newmont’s Tanami operations were 
17.7 Mt at 5.80 g/t Au containing 3.31 Moz of gold, a 10% 
increase on the previous year’s 3.01 Moz ore reserve. 
Additional Measured and Indicated Mineral Resources 
total 3.2 Mt at 5.63 g/t Au for 0.57 Moz Au and Inferred 
Mineral Resources are 9.2 Mt at 5.97 g/t Au for 1.76 Moz 
Au. In October 2015 Newmont announced plans for an 
expansion of their Tanami operation by building a second 
decline and increasing plant capacity. The expansion is 
predicted to increase production by 80 000 oz per annum, 
with planned future production of 425 000–475 000 oz per 
annum. The expansion is due to be completed and in full 
production by the second half of 2017.

In July 2015, Northern Star Resources Ltd (Northern Star) 
settled a purchase and farm-in agreement with Tanami Gold 
NL for the Central Tanami project. The project includes the 
historic Tanami goldfield, which produced 2 Moz of gold 
from 43 open cuts between 1987 and 2005. In January 2013 
the total mineral resources for the Central Tanami project 
stood at 25.50 Mt at 3.2 g/t Au containing 2.63 Moz of gold, 
including the flagship Groundrush deposit with a Mineral 
Resource of 6.72 Mt at 4.8 g/t Au containing 1.04 Moz of 
gold. As part of the agreement with Tanami Gold, Northern 
Star acquired a 25% stake in the Central Tanami project 
and can increase its stake to 60% by sole funding the 
expenditure required to get the existing processing plant 
back into commercial production. In late 2015, Northern 
Star commenced a 20 000 m infill diamond drill program 
at Groundrush aimed at improving the confidence level of 
the existing resource by infill drilling down to a vertical 
depth of 300 m. The company reported that results from the 
first 22 holes were in line with expectations from previous 
drilling, with true width intersections including 13.0 m at 
8.7 g/t Au from 200 m and 5.8 m at 6.8 g/t Au from 206 m. 
Northern Star are targeting returning the Central Tanami 
project into production in 2017 as a +125 000 oz per annum 
operation.

In 2015, ABM Resources NL (ABM) commenced 
production at their Old Pirate mine, 90 km west-northwest 
of Callie near the WA border. Mineralisation at Old Pirate 
occurs at the surface and comprises multiple, high-grade, 
gold-bearing quartz veins between 20 cm and 6 m in width 
over a 1.8 km strike length. Mineralised zones are up to 
40 m in width and consist of multiple veins hosted mainly 
in shale horizons within an interbedded sandstone-shale 
succession. Prior to mining, Inferred and Indicated Mineral 
Resources at Old Pirate were estimated at 1.7 Mt at 11.7 g/t 
Au containing 640 000oz of gold. From the commencement 
of production in May until the end of 2015, 83 143 t of ore 
was mined from Old Pirate with an average grade of 6.3 g/t 
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Au, resulting in gold recovered of 18 592 oz. Production was 
significantly lower than expected, with mill reconciliation 
only accounting for 70% of mine-estimated gold production. 
The company reported that this was due to issues with the 
mining inventory model, loss and dilution experienced 
during mining and potential lock-up of gold within the 
processing plant. Mining at Old Pirate is expected to be 
complete in April 2016.

ABM also undertook a 15 000 m near-mine drilling 
program in the Twin Bonanza project area, including a 48 
hole, 3305 m drilling program at the Buccaneer deposit, 
which has an existing Resource of 15.3 Mt at 2.23 g/t Au 
for 1.1 Moz Au. The program targeted near surface 
mineralisation and returned best intersections of 19 m at 
5.82 g/t Au from 48 m, and 2 m at 33.6 g/t Au from 46 m. At 
Black Cat, 22 km south west of Old Pirate, drilling beneath 
outcropping quartz veins intersected 3 m at 9.18 g/t Au from 
13 m. At the Casa prospect, 11 km southeast of Old Pirate, 
the most northerly hole gave the best intersection of 3 m at 
3.52 g/t Au from 65 m.

ABM also undertook a 45 hole aircore drilling 
program at the Hyperion deposit, 17 km north-northeast 
of Groundrush, which has an Inferred Resource of 2.98 Mt 
at 2.11 g/t Au. Infill drilling in the main Hyperion Central 
zone intersected 21 m at 4.42 g/t Au from 56 m; drilling 
along strike at Hyperion East identified potentially new 
zones of mineralisation with intersections including 21 m at 
2.84 g/t Au from 13 m. 

Warramunga Province (gold-copper-bismuth)
The Tennant Creek mineral field contains a number of high-
grade, ironstone-hosted gold-copper orebodies that have 
historically produced around 4.5 Moz Au and 350 000t Cu. 
Tennant Creek-style orebodies are believed to have resulted 
from mineralised hydrothermal fluids passing along 
shear zones and reacting with Palaeoproterozoic iron-rich 
sedimentary rocks of the Warramunga Formation, resulting 
in what are now steeply plunging, zoned, high-grade Au-
Cu-Bi sulfide orebodies. 

Emmerson Resources Ltd (Emmerson) continued 
to explore the Tennant Creek mineral field as part of a 
major exploration joint venture with Evolution Mining 
(Evolution) under which Evolution can invest up to 
$25 million in exploration to earn up to 75% of the project. 
In late 2015, Emmerson announced the discovery of gold 
mineralisation at the Mauretania prospect, 17 km east-
northeast of Tennant Creek. The initial RC drill program 
targeted an interpreted, but blind, northwest trending 
magnetic anomaly 400 m south of the former Mauretania 
mine. Significant intersections from this drilling included 
30 m at 3.22 g/t Au, 13.1 g/t Ag, 0.33 % Cu and 723 ppm Bi 
from 57 m within an upper gold-rich zone, including 15 m 
at 5.67 g/t Au, 14.7 g/t Ag, 0.11% Bi, 0.24% Cu from 60 m, 
and 24 m at 1.07% Cu, 8.51 g/t Ag, 0.40 g/t Au from 78 m 
within a lower copper-rich zone. Emmerson consider the 
alteration, geochemistry and mineralogy at Mauretania 
is similar to the Nobles Nob deposit where high-grade 
gold is associated with silver, copper and bismuth within 
hematite ironstone.  A follow-up drill program of 16 RC 
holes and two diamond tails intersected 15 m at 1.67 g/t 

Au from 98 m, and 14 m at 1.94% Cu from 118 m. In July 
2015, Emmerson drilled a 1279 m deep hole to test for gold 
mineralisation at depth beneath the historic underground 
Gecko mine, co-funded with NTGS under the CORE 
initiative.  The RC pre-collar to this hole intersected 
multiple zones of copper sulfide mineralisation associated 
with quartz-chlorite veins, analogous to mineralisation 
at the Goanna prospect, 800 m to the east; intersections 
returned 7 m at 5.98% Cu from 123 m including 3 m at 
10.4% Cu. Additional zones of alteration with visible 
copper, pyrite and bismuth mineralisation were intersected 
at depth at approximately 400 m below the historic Gecko 
mine. In August, Emmerson entered into a mining tribute 
agreement with Edna Beryl Mining Company (EBMC) to 
allow small-scale narrow vein underground production to 
recommence at the historic, high-grade Edna Beryl mine 
subject to EBMC meeting all statutory requirements.

Following the acquisition of prospect-scale seismic at 
Gecko, Goanna and Chariot in 2014, Emmerson partnered 
with NTGS in mid-2015 to acquire a 60 km long north-south 
seismic traverse across the Tennant Creek mineral field.

In the eastern Tennant Creek field, Blaze International 
Ltd (Blaze) have a farm-in and joint venture agreement 
with Meteoric Resources Ltd over the Barkly copper-
gold project, located 30 km east of Tennant Creek, which 
includes the Bluebird prospect. Bluebird is a 1.6 km long 
gravity ridge open to the east where shallow geochemical 
drilling by Meteoric Resources identified a 600 m long 
copper anomaly. Drilling at Bluebird in 2014 encountered 
Cu-Au-Bi mineralisation, with best intersections of 20 m at 
8.17 g/t Au, 0.61% Cu and 0.22% Bi from 157 m, and 16 m at 
3.02% Cu, 0.65 g/t Au and 0.1% Bi from 139 m. On-ground 
exploration in 2015 was limited to downhole EM surveys 
and field mapping.

The Rover field, 70 km southwest of Tennant Creek, 
has strong geological similarities to the Tennant Creek 
field with a number of Tennant Creek-style copper-gold 
deposits occurring under sediments of the Wiso Basin. 
The most advanced exploration project in the Rover field is 
the Rover 1 deposit, which straddles tenements owned by 
Metals X (who have the majority of the defined orebody) 
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. In 2015, 
Metals X drilled a parent hole (WGR1D060) at Rover 1 with 
a number of wedges, and intersected high-grade copper and 
gold within ironstone below the area of previous mining 
studies. Copper-gold drill intersections included 6.28 m 
at 19.83 g/t Au, 7.15% Cu, 0.67% Bi and 0.068% Co from 
906 m and 5.46 m at 15.8 g/t Au, 4.03% Cu, 0.96% Bi, 0.06% 
Co from 937 m. 

Copper, lead, zinc, silver

Arunta Region
During 2015, KGL Resources Ltd (KGL) continued 
exploration and assessment of the Jervois copper-silver-
lead-zinc-gold project northeast of Alice Springs (Figure 5). 
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Mineralisation at Jervois occurs in a series of stratabound, 
subvertical, sulfide-rich deposits along a 12 km strike length 
in the Bonya Metamorphics in the Aileron Province. In the 
first half of 2015, a 11 000 m drilling program was completed 
at the Bellbird, Marshall-Reward and Green Parrot deposits 
targeting potential high-grade areas within the proposed 
open pits or close to planned underground development. 
Results included 4 m at 3.44% Cu, 2.95% Pb, 0.74% Zn, 
252 g/t Ag and 1.76 g/t Au from 177 m at Green Parrot, 12 m 
at 2.6% Cu from 361 m at Bellbird, 3 m at 4.1% Cu, 0.82% Pb. 
0.3% Zn, 189 g/t Ag and 0.29 g/t Au from Reward and 5 m 
at 6.12% Cu, 0.2% Pb, 2.42% Zn, 31 g/t Ag and 0.48 g/t Au 
from 263 m at Marshall. A shallow lead-zinc-silver zone was 
also intersected at Marshall-Reward, with 3 m at 7.76% Pb, 
10.29% Zn, and 87 g/t Ag from 34 m. Following the drilling 
program, KGL announced a 21% increase in the resource at 
Jervois to 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 lead-zinc resource increased to 3.8 Mt 
at 3.7% Pb, 1.2% Zn, 0.72% Cu and 67.5 g/t Ag. In the second 

half of 2015, KGL drilled a number of exploration holes 
targeting anomalies defined by a 3D induced polarisation 
(3DIP) and magnetotelluric (MT survey). This included the 
deepest hole to be drilled at the Rockface prospect, which 
intersected 13 m at 2.14% Cu, 12.4 g/t Ag and 0.1 g/t Au 
from 253 m. In October 2015, KGL announced the results of 
a prefeasibility study on a development at Jervois that would 
produce 80–100 000 tpa of copper concentrate plus a separate 
lead-zinc bulk concentrate, with a mine life of 8.25 years 
based on the existing resource.

In late 2015, Rox Resources Ltd undertook a drilling 
program at the Bonya copper project in the Bonya Hills, 
west of Jervois, following up encouraging results from 2014 
that included 38 m at 4.4% Cu from 60 m at the Bonya Mine 
prospect. Two RC holes were drilled at Bonya Mine in 2015 
with one hole intersecting multiple intersections of copper 
sulfide mineralisation including 6 m at 2.6% Cu from 140 m. 
At the newly identified Green Gully (Marrakesh) prospect 
north of Bonya Mine, three shallow holes were drilled to 
test a 200 m long outcropping zone of copper mineralisation 
at surface, with a best intersection of 2 m at 3.2% Cu.

Core Exploration Ltd undertook the first drilling 
program in their Jervois domain project area, located 
immediately southeast of the Jervois mineral field, and 
intersected anomalous copper within the prospective Bonya 
Metamorphics at shallow depths. 

As part of the Lake Mackay exploration alliance 
between ABM Resources and Independence Group NL, a 
new polymetallic copper-silver-gold-zinc discovery named 
Bumblebee was reported in the southwestern Aileron 
Province, 54 km northeast of Kintore. Bumblebee was 
initially identified as a multi-element soil geochemistry 
anomaly that strikes east-west for over 1 km. First drill 
results from the oxide, supergene and fresh-rock (sulfide) 
zones respectively at Bumblebee included 2 m at 7.4% Cu, 
1.3 g/t Au, 34.6 g/t Ag, 1.3% Pb, 1.6% Zn and 0.09% Co 
from 25 m; 7 m at 3.2% Cu, 3.3 g/t Au, 37.7 g/t Ag, 0.9% 
Pb, 1.3% Zn and 0.08% Co from 30 m; and 5 m at 1.4% 
Cu, 2.4 g/t Au, 12.4 g/t Ag, 0.2% Pb, 1.0% Zn and 0.1% 
Co from 48 m. Mineralisation in fresh rock was associated 
with chalcopyrite, pyrite and magnetite; it appears to be 
south-dipping within an east-west trending structure. In 
December 2015, ABM and Independence group expanded 
their exploration alliance in the region and extended it for a 
further three years.

Warramunga Province
In late 2014, Metals X Ltd announced a new polymetallic 
mineral discovery at the Curiosity prospect in the Rover field 
located 100 km southwest of Tennant Creek. Mineralisation 
occurs in basement of the Warramunga Province underlying 
the Wiso Basin. Two holes, co-funded by NTGS under 
the CORE initiative, were drilled at Curiosity targeting 
coincident IP and magnetic anomalies. The holes intersected 
sulfide mineralisation (Figure 6) with a best intersection of 
11.7 m at 1.02 g/t Au, 32.98 g/t Ag, 3.73% Pb, 4.86% Zn 
and 0.24% Cu from 473 m. The Curiosity prospect is 1 km 
southeast of the existing Explorer 108 polymetallic deposit, 
which has a resource of 11.87 Mt at 3.24% Zn, 2.0% Pb and 
11.4 g/t Ag.
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Pine Creek Orogen 
PNX Metals Ltd (PNX, formerly Phoenix Copper Ltd) 
continued exploration and resource drilling at the Iron Blow 
and Mount Bonnie polymetallic gold-base metals deposits 
that occur within the basal Mount Bonnie Formation and 
Gerowie Tuff of the Pine Creek Orogen near Hayes Creek. 
At Iron Blow, which 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, 
drilling results announced in early 2015 included a thick 
massive sulfide intersection that returned 50.39 m at 10.12% 
Zn, 2.66 g/t Au, 283 g/t Ag, 0.57% Cu and 1.39% Pb from 
155.72 m; this includes 19.45 m at 15.48% Zn, 2.65 g/t Au, 
492 g/t Ag, 0.56% Cu and 2.52% Pb from 156.5 m.  Work 
at Iron Blow in 2015 focussed on metallurgical testwork to 
determine a production flowsheet to maximise recoveries of 
zinc, gold and silver. At Mount Bonnie, a 12 hole, 1114 m 
RC drill program demonstrated grade and continuity 
within the deposit along with the potential of continuing 
mineralisation to the north-west; results included 
intersections of 8 m at 12.3% Zn, 2.41 g/t Au, 321 g/t Ag, 
0.5% Cu, and 2.5% Pb from 89 m and 12 m at 8.4% Zn, 
2.57 g/t Au, 228 g/t Ag, 0.7% Cu, and 2.0% Pb from 48 m. 
A follow-up 1560 m drill program discovered a new thick 
zone of mineralisation to the south of the existing pit in a 
more structurally complex part of the deposit. Drilling here 
intersected 42.25 m at 2.96% Zn, 0.59 g/t Au, 35 g/t Ag and 
0.33% Pb from 25.75 m, including a massive sulfide zone of 
3.1 m at 10.77% Zn, 3.34 g/t Au, 1.21% Pb and 133 g/t Ag. In 
early 2016, PNX announced maiden Indicated and Inferred 
Mineral Resources for Mount Bonnie of 1.29 Mt at 4.22% 
Zn, 1.3% Pb, 0.26% Cu, 1.26 g/t Au and 133 g/t Ag. The 
majority of the Mineral Resource is comprised of sulfide 
mineralisation and occurs from approximately 25 m to 
150 m below surface directly beneath the historical oxide 
pit. A scoping study on the Iron Blow and Mount Bonnie 
projects is due for completion in March 2016.

Thundelarra Exploration Ltd undertook further drilling 
in 2015 at their Allamber project located north of Pine 
Creek, with seven RC holes drilled for 1188 m. The drilling 
focussed on the Ox-Eyed Herring prospect, following 
up encouraging results from 2014 that included 5 m at 
4.23% Cu with associated gold, silver, tin and bismuth from 
113 m. The best intersection from 2015 drilling was 6 m 
at 1.6% Cu and 20 g/t Ag from 182 m at the contact zone 
between granite and hornfelsed metasedimentary rock.

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 PLC. It opened as an underground mine in 1995 
and has since been converted to open cut. At 31 December 
2014, the McArthur River mine had total Reserves and 
Resources of 187.3 Mt at 9.8% Zn, 4.4% Pb and 43.7 g/t Ag 
including Ore Reserves of 103 Mt at 10% Zn, 4.7% Pb 
and 47 g/t Ag. During 2014 MRM produced 224 300 t Zn, 
46 200 t Pb and 1.46 Moz Ag. The very fine-grained, thinly 
bedded sulfide ore is hosted in the HYC Pyritic Shale 
Member of the Barney Creek Formation. 

One of the most significant new discoveries in the NT 
this decade has been the 2013 discovery of the Teena zinc 
deposit, 10 km west of the McArthur River mine, by a 
Teck Australia Pty Ltd-Rox Resources Ltd joint venture. 
The mineralisation is finely laminated sphalerite-galena 
mineralisation within the Barney Creek Formation. It 
is a similar sedimentary exhalative (‘SEDEX’) style of 
mineralisation to the nearby McArthur River deposit. The 
mineralisation has a higher ratio of zinc to silver and lead than 
McArthur River. The highest grade mineralisation seems to 
occur in the keel of an east-trending syncline – interpreted 
as the deepest part of the depositional basin. There are two 
mineralised lenses; the upper lens (Lens 2) is generally 
thicker and higher grade than Lens 1. Four holes were drilled 
at Teena in 2015 for a total of 4949 m. The first hole drilled 
in 2015, TNDD019, was sited 200 m east of the discovery 
hole and intersected the thickest zone of mineralisation yet 
encountered at Teena, with 38.8 m at 14.7% Zn and 2.3% 
Pb from 1069 m, including 20 m at 19.4% Zn and 3.1% Pb 
from 1076 m. Other significant results included 21.2 m at 
16.0% Zn and 2.6% Pb from 831 m in TNDD020 and 15.1 m 
at 14.23% Zn and 2.13% Pb from 855 m in TNDD022. The 
strike length of the high-grade mineralisation (greater than 
13% Zn+Pb) at Teena has been defined over 1.3 km, with 
excellent continuity of the mineralisation indicated between 
drill holes. Based on the results in 2015, Rox announced a 
revised Exploration Target at Teena of 70–80 Mt at 11–13% 
Zn+Pb (10–12% Zn, 1–2% Pb) for 7.7–10.1 Mt of contained 
Zn + Pb.

Pacifico Minerals drilled four holes at their Coppermine 
Creek prospect, 100 km northwest of McArthur River, as 
part of their Borroloola West JV with Sandfire Resources. 

Figure 6. Semi-massive sulfide zone 
in drill core from Curiosity prospect, 
Rover field, containing pyrite, 
galena, chalcopyrite and sphalerite 
mineralisation. 
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The first three holes intersected copper mineralisation 
within fractured and brecciated Amelia Dolostone of the 
McArthur Group, with a best result of 10 m at 1.3% Cu 
from 68 m, including 2 m at 4.0% Cu; the highest grade 
mineralisation is associated with semi-massive chalcopyrite 
as well as chalcopyrite facture-fill and disseminations.

MMG Exploration Pty Ltd (MMG) continued to actively 
explore in the Batten Fault Zone area in the McArthur Basin 
under their North Batten JV with Sandfire Resources, as well 
as on their own tenure. As part of the North Batten JV, MMG 
drilled core holes at the Rosie Creek and Sawtooth prospects 
in 2015. Results at Rosie Creek confirmed the presence of 
prospective stratigraphy and structure at the prospect, with 
elevated geochemistry indicative of hydrothermal activity. 
MMG also undertook an audio-magnetotelluric (AMT) 
survey within the northern tenements hosting the Rosie 
Creek prospect to delineate the basin architecture.

TNG Ltd announced numerous rock chip samples of up 
to 48% Cu and 68 g/t Ag at their McArthur River project, 
60 km southwest of the McArthur River mine. The supergene-
enriched high-grade malachite and chalcocite mineralisation 
with a Cu-Bi-Ag-Au-Mo metal association is hosted within 
a 10 m thick shale band in the lowermost Wollogorang 
Formation of the Tawallah Group. TNG announced that this 
sedimentary-hosted stratiform copper mineralisation had 
been outlined over an area in excess of 600 m by 400 m.

Redbank Copper Ltd announced the results of drilling 
conducted in late 2014 at the Redbank project in the McArthur 
Basin near the Queensland border. Copper mineralisation at 
Redbank is hosted in breccia pipes within the Tawallah Group 
(Figure 7). Total Indicated and Inferred Mineral Resources 
for the project area are 6.24 Mt at 1.5% Cu for 95 900 t of 
contained copper.  Drilling at the Bluff prospect intersected 
68 m at 1.21% Cu from 92 m, including 21 m at 2.24% Cu, 
and 9.5 m at 3.60% Cu from 164 m.

In 2014, Canadian-listed company GPM Metals Inc. 
formed a joint venture with Rio Tinto Exploration Pty Ltd 
to explore the Walker Gossan project in eastern Arnhem 

Land. The area is considered to have high potential for 
sediment-hosted base metal deposits of a similar style to 
McArthur River. In 2015, GPM acquired detailed airborne 
magnetics and conducted an IP geophysical survey, 
geological mapping and reconnaissance soil sampling of the 
primary area of historical interest at the southern portion on 
EL 24305. The company announced they had identified a 
3 x 0.5 km corridor of anomalous lead, co-incident with an 
IP chargeability anomaly.

Diamonds

Merlin Diamonds Ltd’s Merlin project in the McArthur 
Basin (Figure 8) comprises 14 kimberlite pipes of which 
nine were subject to open cut mining 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; 
this is a substantial reduction on the 2011 Ore Reserves.  
The Indicated and Inferred Mineral Resource is 27.8 Mt 
at 0.16 c/t for a total of 4.35 Mct. No exploration drilling 
results were reported during 2015.

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 2012, 
the Gove operation had Proved Ore Reserves of 155 Mt 
at 49.5% Al2O3 and a Probable Ore Reserves of 13 Mt at 
49.4% Al2O3, with additional Measured, Indicated and 
Inferred Mineral Resources of 47 Mt at 49.7% Al2O3. During 
2014-15, the Gove operation produced 6.99 Mt of bauxite. 

On the Dhupuma Plateau, immediately south of the 
Gove mineral lease, Gulkula Mining Company Pty Ltd 
have applied for a mineral lease for a bauxite mining 

Figure 7. Mineralised breccia from 
Bluff prospect, Redbank copper field, 
McArthur Basin 
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operation associated with a Mining Training Centre for 
local Indigenous people with the support of Rio Tinto. 
Alcoa of Australia commenced exploration for bauxite on 
Howard Island and Elcho Island in eastern Arnhem Land, 
following the granting of tenements in late 2014.

Iron ore

All iron ore operations in the Northern Territory remained 
in care and maintenance during 2015 due to the low iron ore 
price; no significant iron ore exploration was reported. 

Territory Resources Ltd, a subsidiary of Singapore-
listed Noble Group, owns the Frances Creek iron ore mine, 
which has been in care and maintenance since late 2014. 
The iron mineralisation occurs in a fault breccia in the lower 
Wildman Siltstone and ranges in composition from hematite 
to goethite and limonite. 

Iron mineralisation in the Roper iron field varies from 
massive to oolitic and pisolitic haematite, and occurs within 
interbedded medium- to very coarse-grained ferruginous 
sandstone and siltstone of the Mesoproterozoic Sherwin 
Ironstone Member of the Roper Group. The Roper Bar iron 
ore mine, which commenced production in late 2013, has been 
in care and maintenance since Western Desert Resources Ltd 
were placed in administration in September 2014. In July 
2014, the total DSO (direct shipping ore) mineral resource at 
Roper Bar was 44.1 Mt at 58.5% Fe, 10.8% SiO2, 2.00% Al2O3, 
0.005% P and 2. 5% LOI. The Roper River project, 100 km 
west and northwest of the Roper Bar project, incorporates 
the Sherwin Creek and Hodgson Downs prospects and was 
owned by Sherwin Iron Ltd, now also in administration. The 
Roper River project has total Indicated and Inferred Mineral 
Resources of 488 Mt at 41.7% Fe. Higher-grade mineral 
resources (at 55% Fe cut-off) total 41.1 Mt at 57.8% Fe, 12.1% 
SiO2, 1.8% Al2O3, 0.06% P and 2.6% LOI. 

Manganese

Oolitic and pisolitic mineralisation in Mesozoic sedimentary 
rocks on Groote Eylandt in the Gulf of Carpentaria forms 
one of the world’s highest-grade manganese deposits with 
175 Mt at 44.8% Mn. The mineralisation is a stratiform, 
commonly oolitic or pisolitic, sedimentary deposit in 
shallow marine Cretaceous sedimentary rocks.  It was 
discovered in 1960 and has been continuously mined by the 
Groote Eylandt Mining Company (GEMCO) since 1966. 
GEMCO is majority-owned and operated by South32 Ltd. 
Production from Groote Eylandt in 2014 totalled 4.837 Mt 
of manganese ore. A $US139 million premium concentrate 
project (PCO2) is currently underway and is expected to 
increase production capacity by 0.5 Mt to 5.3 Mtpa, with 
first production anticipated in the June 2016 quarter.

A second manganese mine in the NT occurs in 
Proterozoic rocks at Bootu Creek located 110 km north of 
Tennant Creek. OM Manganese Ltd began mining operations 
at Bootu Creek in November 2005. At 31 December 2014, 
total Reserves and Resources for Bootu Creek were 
20.5 Mt at 22.24% Mn. During 2015 OM Manganese 
mined 1.92 Mt of ore at 22.52% Mn, resulting in full year 
manganese production of 760 870 t grading 35.71% Mn. In 

December 2015, OM announced that it was temporarily 
suspending mining operations at Bootu Creek due to the 
fall in manganese price, but would recommence operations 
when market conditions improve; however, in January 2016, 
OM Manganese entered voluntary administration.

Nickel

There was no significant nickel exploration reported in 
the Northern Territory during 2015. Independence Group 
NL and ABM Resources NL extended and expanded their 
Lake Mackay exploration agreement, which includes the 
Du Faur prospect located 30 km northeast of Kintore in the 
southwestern Aileron Province. Soil sampling in late 2014 
at Du Faur identified a 7 km x 5 km nickel anomaly with up 
to 1300 ppm Ni in soils; a sample of laterite from the area 
assayed 1.6% Ni, 1.61% Co and 38.5% Mn. Outcrops in the 
area include norite and gabbronorite of the Andrew Young 
Igneous Complex. 

Figure 8. Location of diamond, iron ore, manganese, tungsten-
molybdenum, nickel, and vanadium deposits and projects 
mentioned in the text.
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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. Molyhil is 
a skarn-related scheelite-molybdenite-magnetite deposit 
within the Arunta Region; it contains 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. An 
updated feasibility study was released in January 2015, but no 
further exploration was reported during the year.

The historic Hatches Creek tungsten field in the Davenport 
Province contains numerous underground workings that 
were mined between 1915 and 1957 exploiting quartz veins 
containing wolframite with lesser scheelite, bismuth and 
copper oxides. Arunta Resources Ltd have announced an 
Inferred Resource of 225 066 t at 0.58% WO3 for 1311 t WO3 
within surface stockpiles of historically mined ore. During 

2015, Arunta Resources undertook metallurgical testwork on 
12 bulk samples, and flew detailed 3D imagery over the field 
to more accurately calculate the volume of mine dumps.

Vanadium-titanium-iron

TNG’s Mount Peake project is a gabbro-hosted vanadium-
titanium-iron deposit in the northern Arunta Region 
located 60 km west-southwest of Barrow Creek. It contains 
total Measured, Indicated and Inferred Mineral Resources 
of 160 Mt at 0.28% V2O5, 5.3% TiO2 and 23.0% Fe. TNG 
completed a successful feasibility study on the Mount 
Peake Project in July 2015; this included the definition of 
a maiden Probable Ore Reserve of 41.1Mt (50% of mine 
life) at 0.42% V2O5, 7.99% TiO2 and 28.0% Fe at a cut-off 
grade of 15% Fe. The feasibility study indicated robust 
economics based on an initial 17-year project life, with 
a mining operation of 3 Mtpa expanding to 6 Mtpa after 
4 years of production. The company anticipates annual 
production of 17 560 tpa V2O5, 236 000 tpa TiO2 (pigment) 
and 637 000 tpa Pig Iron. Drilling at Mount Peake in 2015 
was limited to geotechnical and aquifer drilling.

Magnesite

A number of high-grade magnesite (magnesium carbonate) 
deposits occur near Batchelor in the Pine Creek Orogen  
as stratabound bodies within the Celia and Coomalie 
Dolostones. In January 2015, Korab Resources Ltd (Korab) 
released a prefeasibility study for the Winchester magnesite 
deposit near Batchelor (Figure 9). Mineralisation at 
Winchester is hosted within the Coomalie Dolostone and 
has Indicated and Inferred Mineral Resources of 16.6 Mt at 
43.2% MgO. The prefeasibility study investigated a DSO 
operation producing up to 1 million tonnes at an 80% 
magnesite-fines ratio. Korab announced that they were 
seeking financing options for the project.

Thessally Resources Pty Ltd owns the Huandot magnesite 
deposit located 7 km northeast of the Winchester deposit; it 
has Indicated and Inferred Mineral Resources of 9.1 Mt at 
44.3% MgO. Thessally is undertaking a prefeasibility study 
on development options for Huandot, including the potential 
production of caustic calcined magnesia.

Mineral sands 

Australian Abrasive Minerals Pty Ltd are planning to 
commence mining the Spinifex Bore garnet sand deposit 
located north of the Harts Range 170 km northeast of Alice 
Springs in March 2016. No resource has been publicly 
announced for the deposit. The project will involve open cut 
strip mining with an onsite processing wet screening plant 
to produce concentrate and dry magnetic and electrostatic 
separation. The final product will be trucked to Alice 
Springs and transferred to the Adelaide-Darwin railway.

Rare earth elements

Arafura Resources Ltd (Arafura) are operators of the Nolans 
Bore rare earth elements (REE) project located in the 
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Reynolds Range, 135 km northwest of Alice Springs. Nolans 
Bore is a hydrothermal, stockwork vein-style REE deposit 
hosted in metasedimentary and igneous rocks of the Aileron 
Province of the Arunta Region. Apatite mineralisation at 
Nolans Bore ranges from discrete, narrow fine-grained veins 
to wide intervals of massive coarse-grained breccia. Updated 
Measured, Indicated and Inferred Mineral Resources at 
Nolans Bore announced in October 2015 totalled 56 Mt at 
2.6% rare earth oxides (REO), 11% P2O5 and 0.02% U3O8 
containing 1.46 Mt REO. The Probable Ore Reserve for 
Nolans Bore is estimated at 24 Mt at 2.8% REO, 12% P2O5, 
0.02% U3O8. Exploration activity by Arafura in 2015 largely 
focussed on activities related to the definitive feasibility study, 
including groundwater studies, waste rock characterisation, 
identification of carbonate resources to support mining and 
re-calculation of the mineral resource.

During 2015, Spectrum Rare Earths Ltd (Spectrum) 
undertook mineralogical testwork and metallurgical and 
beneficiation studies on their Skyfall rare earths prospect 
located 140 km west of Katherine. The mineralised area at 
Skyfall occurs over an area of 6 x 1 km. It is a flatlying, 
surficial, mostly clay-hosted rare earths prospect, between 
0.9 and 4.3 m in thickness, grading between 0.17% and 
0.8% TREO of which 36-38% are Magnetic End Use Rare 
Earth Oxides (classified by Spectrum as Dy, Tb, Nd, Pr, Sm 
and Gd). The main rare earth minerals at Skyfall include 
secondary yttrium phosphate (xenotime-churchite) and 
aluminium phosphate/crandalite group minerals such as 
florencite. In December 2015, Spectrum reported that due 
to the complex mineralogy and metallurgy of the deposit, a 
depressed rare earth market and a lack of investor interest, 
it was relinquishing the tenements.

Crossland Strategic Metals Ltd undertook no exploration 
in 2015 on its Charley Creek alluvial rare earths project due 
to funding constraints. The resource is located 120 km west 
of Alice Springs and 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. 
In December 2015, Crossland announced that Malaysian-
owned Essential Mining Resources Pty Ltd had concluded 
the purchase of 44% of the Charley Creek project from 
previous joint venture partner Pancontinental Uranium 
Corporation.

Phosphate

Avenira Ltd (formerly Minemakers Ltd) are operators 
of the Wonarah phosphate project, located close to the 
Barkly Highway approximately 260 km east of Tennant 
Creek.  Wonarah occurs in the Cambrian upper Gum Ridge 
Formation or basal Wonarah Formation within the Georgina 
Basin. It has total Measured, Indicated and Inferred Mineral 
Resources (at 10% P2O5 cut-off) of 842 Mt at 18% P2O5, 
comprising 707 Mt in the Main Zone and 135 Mt in the 
Arruwurra deposit. No on-ground work was reported at 
Wonarah in 2015 as the company awaited the commercial 
validation of the Improved Hard Process (IHP) owned by 

JDC Phosphate Inc. Avenira hope to utilise IHP at Wonarah 
to produce superphosphoric acid at around 70% P2O5 with a 
by-product of usable inert spent pellets. 

Rum Jungle Resources Ltd (Rum Jungle) continued to 
progress their Ammaroo phosphate project located in the 
southern Georgina Basin, approximately 80 km east of the 
Alice Springs–Darwin railway. In December 2014, Rum 
Jungle announced updated total 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). A 
prefeasibility study released in September 2014, and updated 
in September 2015, supported the economic potential of the 
project to be developed as a phosphate rock concentrate 
export operation or for downstream fertiliser production 
using proven technologies. No further exploration was 
reported at Ammaroo in 2015.

Potash

Rum Jungle Resources’ Karinga Lakes potash project is 
located between Erldunda and Curtin Springs, 200–300 km 
southwest of Alice Springs. The Karinga Lakes drainage 
system 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 K2SO4 with 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 with one contained in unconsolidated near-surface 
lake sediments with the second aquifer hosted in siltstone 
and sandy interbeds of the Devonian Horseshoe Bend Shale 
of the Finke Group (Amadeus Basin). In November 2015, 
Rum Jungle announced that they had commenced a 12 hole 
evaluation drilling program on a limited area within the 
project to test depth extensions of the aquifers and better 
understand the nature of the hydrogeology, brine chemistry 
at depth and recharge potential. Also in November, Rum 
Jungle appointed managers for a prefeasibility study on 
the project, which has the potential to be a small scale, low 
capital cost, sulphate of potash (SOP) operation targeting 
approximately 40 000 tpa.

Salt

Tellus Holdings Ltd (Tellus) continued to progress plans to 
develop an underground rock salt mine at their Chandler 
project near Titjikala located in the Amadeus Basin, 120 km 
south of Alice Springs. The project is focussed on a halite 
resource within a flat-lying, extensive evaporite unit (in 
excess of 200 m thick) within the Cambrian Chandler 
Formation. It contains a Measured Mineral Resource of 
309 Mt NaCl, and Indicated and Inferred Mineral Resources 
of 1.128 Bt NaCl and 3.103 Bt NaCl respectively, with an 
overall 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.  Tellus have commenced 
a definitive feasibility study on the project, and work in 
2015 included wet and dry salt processing pilot testing and 
drilling for groundwater resources.
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Silica

During 2015, Rum Jungle Resources Ltd undertook 
characterisation and process testing on their Dingo Hole 
silica project, targeting high-purity silica quartz rock. The 
project is located on the southern margin of the Davenport 
Province, 10 km from the Ammaroo phosphate project. The 
silica has been reported to occur as pedogenic, chalcedonic 
silica rock. Testing of samples from the prospect found that 
all samples had in excess of 99.94% SiO2, with relatively 
low levels of impurities such as aluminium, titanium and 
lithium. Follow up processing test work on 100 kg of quartz 
rock found higher levels of impurities, particularly calcium, 
that did not meet the standards for high-purity quartz (HPQ). 
Rum Jungle reported that they will continue to investigate 
the silica potential of the area.

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; 
it has been in production since 1981. During 2015, Energy 
Resources of Australia Ltd (ERA) produced 2005 t of 
uranium oxide from the Ranger mine, a 72% increase from 
2014 production. All production was from stockpiles from 
the Ranger 3 open pit, which is now backfilled and being 
used as tailings facility. At the end of 2015, Ore Reserves 
at Ranger (entirely within stockpiles from Ranger 3 pit) 
are 12.08 Mt at 0.086% U3O8 for 10 383 t U3O8 (at 0.06% 
U3O8 cut-off); additional Mineral Resources (in stockpiles 
and in Ranger 3 Deeps) are 50.75 Mt at 0.11% U3O8 for 
56 149 t U3O8. The 2710 m Ranger 3 Deeps exploration 
decline was completed in late 2014. In July 2015, ERA 
announced updated Measured, Indicated and Inferred 
Mineral Resources for Ranger 3 Deeps totalling 19.575 Mt 
at 0.224% U3O8 for an estimated contained 43 858 t U3O8. In 
June 2015, following a prefeasibility study, ERA announced 
that the Ranger 3 Deeps project would not proceed to final 
feasibility study in the current operating environment.

Western Arnhem Land continued to be an important 
focus for uranium exploration in the NT in 2015. Cameco 
Australia Pty Ltd (Cameco) have continued 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 
2015 program, although NTGS co-funded drilling under the 
CORE initiative at a number of greenfields prospects with 
results due to be open filed in the first half of 2016. 

Alligator Energy Ltd (Alligator) undertook an 87 hole, 
2257 m air core drilling program at their Beatrice project in 
western Arnhem Land as part of a farm-in and joint venture 
with Cameco Australia. The drilling was undertaken 
at the BT-4, Beatrice and BT-1 target areas, as well as 
reconnaissance drilling at the BT-9 target. At the BT-1 
prospect, anomalous uranium was encountered extending 
for more than 2 km along the Beautrice Fault Zone. Alligator 
consider that the primary source of the anomaly is under 
the covering sandstone immediately north of BT-1, which 
remains undrilled. At Beatrice, the drilling tested southerly 

extensions of known high-grade surface mineralisation, and 
encountered mineralisation with a best intercept of 2 m at 
598 ppm U3O8.

Energy Metals Ltd (Energy Metals) have continued 
evaluating the Bigrlyi uranium deposit in the Mount 
Eclipse Sandstone of the northern Ngalia Basin. The 2011 
resource for Bigrlyi contains 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 (21.1 Mlb) 
of U3O8 and 8900 t of V2O5. During 2015, Energy Metals 
released maiden JORC resources for other deposits 
in the Ngalia Basin on the basis of historic drilling. At 
Walbiri, 55 km east-southeast of Bigrlyi, Energy Metals 
announced an Inferred Resource of 12.48 Mt at 597 ppm 
U3O8, for 7456 t U3O8.  This includes small resources at 
two satellite deposits, Hill One and Sundberg. Walbiri 
is a tabular, sandstone-hosted deposit similar to Bigrlyi, 
dipping at 10 –18° southwest, with uraninite and coffinite 
mineralisation hosted in reduced, pyrite-bearing rocks. 
This is now the third largest uranium resource in central 
Australia after the Bigrlyi and Angela deposits. At the 
Karins prospect, 95 km east-southeast of Bigrlyi, Energy 
Metals defined an Inferred Resource of 1.24 Mt at 556 ppm 
U3O8. Karins is a tabular deposit similar to Bigrlyi, but with 
an oxidised zone (carnotite zone) of variable thickness that 
extends from near surface to up to 60 m depth. Primary 
mineralisation is present as uraninite, and is hosted within 
reduced, feldspathic, fine-grained sandstones of the Mount 
Eclipse Sandstone. 

Onshore petroleum

Despite the downturn in oil and gas prices, exploration 
activity continued in the onshore basins of the Northern 
Territory, particularly the Beetaloo Sub-basin, with six 
new wells drilled for a total of 12 259 m. Figure 10 shows 
petroleum tenure and basins with the locations of wells 
drilled in 2015 in the NT. 

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 drilled their first wells in the 
Beetaloo Sub-basin as part of their farm-in with Sasol 
Petroleum Australia Limited into Falcon Oil & Gas 
Australia Ltd’s tenements. The first well, Kalala S-1, 
was drilled to 2619 m and intersected a thick succession 
of source rock shale of the middle Velkerri Formation 
within a prospective gas mature depth window. The well 
intersected a gross interval of over 500 m shale gas with 
net pay exceeding 150 m and the presence of moveable 
hydrocarbons in the form of elevated gas shows. A 
second well, Amungee NW-1, 25 km east of Kalala S-1, 
was drilled to 2611 m and intersected a similar succession 
of gas-bearing middle Velkerri shale. Amungee NW-1 
also intersected a gross interval of over 500 m shale gas 
sequence with net pay exceeding 150 m, with excellent 
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Figure 10. Map of Geological Regions of the Northern Territory showing granted exploration permits as of January 2016, along with 
wells and prospects mentioned in the text.
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gas shows from at least two prospective shale sweet spots 
within the middle Velkerri Formation. Total organic 
carbon estimates were in the range 2.5-5% within the best 
shale units from these wells, with high potential for gas 
mature, gas saturated and quartz rich source rocks. In late 
2015, Origin drilled the first horizontal appraisal well in 
the Beetaloo Sub-basin 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 indicate the likelihood of high levels of gas saturation 
across the entire horizontal section of “B Shale” interval 
of the middle Velkerri Formation. Multi-stage hydraulic 
fracturing of the well is planned for 2016.

Pangaea Resources Pty Ltd (Pangaea) have a large 
tenement holding over the Gorrie Sub-basin, a poorly 
explored western extension of the Beetaloo Sub-basin 
located west of the Stuart Highway near Larrimah. 
After drilling three wells in 2014, Pangaea drilled four 
appraisal wells in EP167 and EP168 – Birdum Creek-1 
(1931.9 m), Tarlee-1 (1335.5 m), Tarlee-2 (1180 m) and 
Wyworrie-1 (1385 m). Wyworrie-1 and Birdum Creek-1 
were hydraulically fracture stimulated, tested and then 
suspended, Tarlee 2 was drilled and then decommissioned 
and Tarlee-1 was drilled, a Diagnostic Fracture Injection 
Test (DFIT) was conducted and then suspended. All four 
wells were targeting the middle Velkerri shale in the 
McArthur Basin. Pangaea also conducted a 386.11 km 2D 
seismic survey. Pangaea is a private company and results 
of the drilling have not been publicly released.

Santos Ltd (Santos) are farming into three exploration 
tenements owned by Tamboran Resources and located 
to the north and east of the Beetaloo Sub-basin, and 
including the OT Downs Sub-basin. In 2014, Santos 
drilled the Tanumbirini-1 exploration well in EP161 to a 
depth of 3945 m and intersected multiple thick intervals 
of organic-rich rocks accompanied by significant mud gas 
shows within the middle Velkerri Formation. Elevated gas 
readings were encountered over a total gross interval in 
excess of 500 m. No further work was undertaken in 2015, 
but a DFIT on Tanumbirini-1 is planned for 2016.

Armour Energy Ltd (Armour) have a significant 
landholding in the southern McArthur Basin and northern 
Georgina Basin. Armour commenced exploration in the 
Batten Fault Zone in the McArthur Basin near Borroloola 
in 2012. They are targeting conventional resources, 
including fractured plays in the Coxco Dolostone Member 
of the Teena Dolostone, as well as larger unconventional 
resources within the Barney Creek Formation, Lynott 
Formation and Reward Dolostone. No exploration was 
reported in 2015, and the company was negotiating a farm-
out agreement with AEGP Australia Pty Ltd (AEGP), a 
subsidiary company of Oklahoma-based American Energy 
Partners. 

In December 2015, Imperial Oil and Gas Pty Ltd 
finalised a farm-out agreement with AEGP, for Imperial’s 
tenement package in the McArthur Basin, including 
applications in eastern Arnhem Land. No on-ground 
exploration was reported on Imperial’s tenements in 
2015.

Amadeus Basin
All onshore oil and gas production in the NT is currently 
sourced from the Amadeus Basin, with a total of 3.703 billion 
standard cubic feet (bscf) of gas and 0.302 million barrels 
(mmbbls) of oil produced in 2015. The Mereenie oil and 
gas field is located 245 km west of Alice Springs and has 
been in production since 1984. Oil and gas at Mereenie is 
reservoired within multiple, thin sandstone beds within 
the Pacoota Sandstone and, to a lesser extent, the Stairway 
Sandstone, which are separated by source rock of the Horn 
Valley Siltstone. In 2015, Mereenie produced 0.278 million 
barrels (mmbbls) of oil and 2.395 bscf of gas. In September 
2015, Central Petroleum Ltd acquired a 50% stake in the 
Mereenie field from Santos and assumed operatorship of 
the field. In 2015, the company conducted a 3-well testing 
campaign at Mereenie to obtain data as part of studies to 
increase gas reserves and resources base 

The Surprise oil field occurs in the western Amadeus 
Basin, 140 km west of Mereenie and is operated by Central 
Petroleum. The Surprise field commenced production 
in 2014 and produced a total of 0.080 mmbbl (including 
0.024 mmbbl in 2015) before it was shut-in in August 2015 
due to the decline in the oil price. The main reservoir at 
Surprise is the Stairway Sandstone. 

Central Petroleum also operates the Palm Valley and 
Dingo dry gas fields. Gas at the Palm Valley field, 150 km west 
of Alice Springs, occurs within naturally fractured Pacoota 
and Stairway sandstones, and has been in production since 
1983. In 2015, 1.282 bscf of gas was produced from Palm 
Valley. In mid-2015 Central announced that Palm Valley 
has 2P Reserves of 23.6 Petajoules (PJ) and 2C Contingent 
Resources of 29.7 PJ. The Dingo gas field, 60 km south of 
Alice Springs came into production in December 2015, and 
produced 0.026 bscf by the end of the year. The main gas 
reservoir at Dingo is the Neoproterozoic to early Cambrian 
Arumbera Sandstone. A 50 km gas pipeline from Dingo to 
the Brewer Estate in Alice Springs was commissioned in 
2015. Dingo has 2P Reserves of 33.2 PJ and 2C Contingent 
Resources of 22.7 PJ.

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. No exploration 
was reported in 2015, but a 2D seismic survey is planned 
for 2016.

Bonaparte Basin
During 2015, Beach Energy Ltd (Beach) assumed 100% 
ownership of EP161 in the onshore Bonaparte basin through 
the acquisition of Territory Oil and Gas Pty Ltd (TOAG). The 
company continued assessment of the Cullen-1 well, which 
was drilled in 2014 to a depth of 3325 m with the primary 
targets being the Bonaparte Formation and Milligans 
Formation. The well intersected 1000 m of limestone and 
interbedded shale with evidence of natural fractures and 
elevated mud gas readings. In addition, 1600 m of dark grey 
to black marine shale were intersected with two cores cut 
for evaluation purposes including gas desorption analyses. 
In 2015, Beach re-entered the well to conduct a Cement 
Bond Log.
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Over the last three years Newmont’s >12 Moz Tanami 
Operations in central Australia have undergone a 
transformation from non-core asset in danger of divestment 
to portfolio star, leading the group in growth, and in 
productivity and cost improvements.   

Resource additions during the period 2013–2014 totalled 
2.6 Moz, of which 2 Moz was converted to reserve at an 
all-in exploration cost of US$11.65 per reserve ounce. This 
organic growth represents more than 20% of the combined 
historic production plus reserve and resource endowment 
defined since the maiden resource was declared 27 years 
ago. Recent rapid growth has been driven by expansion 
of the >3.8 Moz Auron deposit down-plunge, combined 
with the 2013 discovery of the > 0.5 Moz Federation Limb 
deposit, and a lesser contribution from the historic flagship 
>7.6 Moz Callie deposit. New discoveries and resource 
growth have also been underpinned by strong management 
support for exploration, with a significant increase in 
diamond drilling ramping up from 45 km drilled in 2012 to 
74 km drilled in 2015. 

In concert with the growing resource base, annual 
production from the mine has more than doubled from 
183 000 oz in 2012 to a projected value of 410–450 000 oz 
in 2015. Improved productivity from the mine has been 
the key contributor to a transformational change in the 
mine’s economics, with the AISC falling from an average 
value of US$2294 per ounce of gold in 2012, down to 
US$686 per ounce over the first three quarters of 2015.  
This improvement has justified the recent executive 
approval of a mill expansion and development of a second 
decline. The expansion will further increase production to 

425 –475 000 oz over the next five years while adding three 
years to the mine life.

Tanami Operations have produced approximately 8 Moz 
to date, and as at December 2014, had reserves of 3.3 Moz 
with additional mineral resources containing 2.3 Moz.  
Going forward, Newmont sees potential to double the 
current reserve and resource base.   Continued expansion 
of the Callie and Auron deposits down-plunge will be a 
pillar of longer term growth.  However, the 2013 and 2015 
discoveries of the Federation Limb deposit and Liberator 
mineralisation respectively, also highlight the significant 
potential for lateral growth in the camp.

This abstract contains forward-looking statements that 
are intended to be covered by the safe harbor provided for 
under securities laws. Such forward-looking statements may 
include, without limitation, estimates of future production, 
development and potential mineralisation. Estimates of 
future results are based upon assumptions and remain 
subject to risks, which could cause actual results to differ 
materially from future results. For a description of risks, see 
the Company’s SEC filings. Reliance on forward-looking 
statements is at your own risk.
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Introduction

Under the Northern Territory (NT) Government 2014-18 
initiative Creating Opportunities for Resource Exploration 
(CORE), the Regional Geoscience group of the Northern 
Territory Geological Survey (NTGS) has been tasked with 
acquiring, analysing and interpreting both new and existing 
geoscience data over four key geological areas in the NT. 
These areas are the greater McArthur Basin (as defined in 
Close 2014), the Amadeus Basin, the Arunta Region and 
the Arnhem Province. The Regional Geoscience programs 
under the CORE initiative are designed to improve the 
understanding of the framework geology and resource 
prospectivity of these areas (Figure 1). The following is an 
update on progress towards this objective for each of these 
key areas.

greater McArthur Basin

The CORE projects undertaken within the greater McArthur 
Basin are focussed on 1) improving the understanding of the 
regional scale of the stacked Meso-Palaeoproterozoic basin 
stratigraphy through the correlation between outcropping 
basins, tracking the subsurface continuity beneath younger 
basins, investigating the basins’ architecture and evolution, 
interpreting the palaeogeography and depositional 
environment; and 2) providing resource information across 
black shale intervals through compilation of existing data 
and provision of a consistent suite of drill core source rock 
analysis.

A campaign geophysical acquisition program for the 
whole greater McArthur Basin has attained ground gravity 
coverage at a resolution of 4 km or better spacing plus 
airborne magnetics and radiometrics at 400 m line spacing. 
This increased resolution of these regional geophysical 
datasets will form the basis of an updated interpretation of 
the basin architecture.  Gravity is proving to be an excellent 
tool in identifying potential sub-basins or depocentres 
where seismic coverage is poor. 

The geophysical acquisition program is complimented 
by a project to collate rock property data published in 
company reports and to collect new rock property data 
on bulk density, apparent grain density, apparent porosity 
and magnetic susceptibility (Hallett 2015) from drill core 
housed at NTGS’s core facilities. 

A project to capture hyperspectral data and high 
resolution imagery of drill core intersections of significant 
stratigraphy in the greater McArthur Basin has been 
undertaken through this initiative. Systematic scanning 
of the drill core through the HyLoggerTM, combined with 
interpretation of the spectral response delivered in digital 
format, has provided ready access to view and investigate 
key drill core online through the NVCL portal. Interpretation 
of the spectral response of lithologies within stratigraphic 

units has identified potential inconsistencies in formation 
identification during initial geological logging of the drill 
core (Smith 2016) thus validating the HyLogger as a useful 
tool for stratigraphic correlation. 

An important component of NTGS work in the greater 
McArthur Basin has been creation of the a 3D model in 
SKUA-GOCADTM design to improve the understanding of 
the stacked basin architecture, the subsurface stratigraphic 
extents and the controlling fault network, including its 
shape and orientation at depth. The paucity of subsurface 
data across the extent of the greater McArthur Basin has 
provided significant challenges to the creation a 3D model at 
this scale. The approach has involved integrating available 
seismic data, drillhole formation picks, cross sections 
from published maps, surface structural measurements 
and interpretations from potential field modelling.  Initial 
outputs from the 3D model construction have concentrated 
on the Mesoproterozoic Wilton package (as defined in Close 
2014), particularly to enable an understanding of the extent 
and depth of major stratigraphic intervals that include the 
Velkerri and Kyalla formations, both of which are highly 
prospective for hydrocarbons. The second phase of the 
3D model construction focussed on the Palaeoproterozoic 
Glyde package (as defined in Close (2014) to interpret the 
architecture of the sequences that include the McArthur 
Group and stratigraphic equivalents, host to world class 
Pb-Zn mineralisation and also highly prospective for 
hydrocarbons. 

A project to provide evidence of stratigraphic correlation 
between the outcropping McArthur Basin, Birrindudu 
Basin and Tomkinson Province has commenced with the 
stratigraphic characterisation of the Mesoproterozoic 
sequences of the Wilton package. This investigation has 
targeted the type sections of the formations in the Wilton 
package to undertake a consistent analysis of sedimentology, 
geochemistry U-Pb zircon geochronology, Lu-Hf and 
Sm-Nd isotope geochemistry. This approach will provide 
information on maximum deposition ages, provenance, 
depositional environments and palaeogeography across the 
extent of the correlated Wilton package sediments (Munson 
in press).

The greater McArthur Basin is increasingly recognised 
for its potential for unconventional and conventional 
hydrocarbon resources. In this regard, the NTGS is 
undertaking a consistent suite of analysis of the black shale 
units within the greater McArthur Basin to improve the 
availability of key datasets and information to understand the 
scale and extent of these hydrocarbon resources. Analyses 
include total organic carbon, pyrolysis, biomarkers, X-ray 
diffraction, and triaxial compressive strength testing to 
assess if the black shale units in the greater McArthur Basin 
meet the desirable characteristics of a shale gas system. 
Initial analysis has focused on the Wilton package with 
early assessment highlighting the potential of the middle 
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Figure 1. Geological regions map of the NT showing the location of NTGS regional geoscience projects carried out under CORE 
including the residual Bouguer anomaly derived from new gravity data. 
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Velkerri Formation and the Kyalla Formation (Revie 2016).  
The assessment will continue into the prospective units in 
the Glyde package.

Amadeus Basin

The West Amadeus Gravity Survey to acquire regional 
scale ground gravity at 4 km spacing or better across 
the entire Amadeus Basin was completed in 2014. This 
improved regional dataset was utilised in the CSIRO 
COBRA project to model the available potential field 
data to create a 3D model of the Amadeus Basin. This 
model provided a framework to investigate the mineral 
resource potential of the basin by incorporating a range of 
other studies in the COBRA project integrating ASTER, 
shallow magnetic interpretation, hydrogeochemistry, 
geochemistry and mineralogy (Schmid et al 2016).

A standardised approach to characterise the 
Neoproterozoic stratigraphy that is well exposed in the 
northeast of the Amadeus Basin (Normington et al 2015) 
has been utilised in the second edition mapping of the 
HENBURY3 1:250 000 mapsheet. The first year of the 
field work has led to significant changes in the outcrop 
distribution of the Neoproterozoic stratigraphy in the 
mapsheet area. 

Arnhem Province

The geology of the Arnhem Province, an isolated 
Palaeoproterozoic basement inlier in the far northeast of the 
NT, has never been fully documented. A 1:100 000 scale 
mapping project undertaken in this area under the CORE 
initiative will provide the first ever geological framework 
using modern analytical techniques. This study will improve 
the understanding of the relationship between the Arnhem 
Province and the polymetallic Pine Creek Orogen. It will 
also provide more insight into the basement that underlies 
the greater McArthur Basin. 

Arunta Region

NTGS continues to focus on the Arunta Region to improve 
the understanding of the geological framework of this 
area through integrated field mapping and analysis of 
the magmatic, metamorphic, structural and depositional 
evolution of the area. Under the CORE initiative, the 
mineral-rich northeastern exposure of the Arunta Region 
was selected for detailed work to produce a series of 
first edition 1:100 000 maps (Jervois Range, Jinka and 
Dneiper). 

The improved understanding of regional geological 
framework in this area provides the context to a targeted 
study into characterising the Jervois mineral field 
and investigation of the mineral systems driving this 
polymetallic mineral field. This study has expanded to 
document and characterise other copper ± base metal 
deposits and prospects in the Aileron Province such as the 

Bonya Hills area, Home of Bullion and Mount Hardy copper 
field (McGloin et al 2016).

Conclusion

The CORE initiative had enabled a range of regional 
geoscientific programs designed to provide an advanced 
understanding of the regional geoscience framework and 
resource prospectivity for the targeted areas of the greater 
McArthur Basin, Amadeus Basin, Arunta Region and 
Arnhem Province
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The improvement of online delivery of geoscience data and 
information is a key priority of the Creating Opportunities 
for Resource Exploration (CORE) initiative.  Current 
projects include system enhancements and the addition of 
legacy reports and data to GEMIS ( Geoscience, Exploration 
and Mining Information System). The latest enhancement 
is the migration of the NTGS product catalogue to GEMIS 
enabling users to simultaneously search across product and 
industry report collections. Over the last twelve months, the 
depth of content has increased significantly as another eleven 
years of legacy mineral exploration reports have been added 
to GEMIS. As at February 2016, full text reports and data 
covering the last 35 years can now be downloaded. The new 
content also includes the reports recently released under the 
five year open filing provisions of the Mineral Titles Act.

During 2015, work on STRIKE was focussed on 
stabilisation but more significant changes are planned for 
2016. The first of these is a reconfiguration of the layer menu, 
flattening the structure and bringing the geoscientific layer 
categories such as geology, geochemistry and drilling to the 
first level of the menu. At the same time, some layers will be 
renamed or moved to a new category. All these changes will 
provide easier navigation and a better user experience. The 
drilling and geochemistry layers will be upgraded in March 
2016 after a major data cleansing project and migration to a 
new database is completed.

Other significant achievements since March 2015 include 
the completion and release of a number of new HyLoggerTM 
data packages, six new records, five new GIS datasets 
and two gravity surveys. Three GIS datasets were also 
re-released with a major revision while another six had minor 
data corrections.

Mineral industry reports

Open file mineral industry reports can be accessed and 
downloaded by searching the mineral exploration reports 
(MEX) collection on GEMIS. However, not all older reports are 
in a suitable format for web delivery so an ongoing project to 
systematically convert the older reports to web optimised PDF 
documents commenced in 2014.  In the last 12 months, reports 
from the years 1979 to 1989 have been uploaded to MEX.

Simultaneously a project aimed at releasing closed file 
reports five years after submission under provisions in the 
Mineral Titles Act (MTA) is also adding to the number 
of reports and data available for download. In the last 
12 months, reports from 1996 to 2001 have been open filed 
and added to GEMIS. As the reports being released are 
now nearing the period when many titles are likely to still 
be active, a guideline on extensions to the confidentiality 
period of mineral exploration reports submitted under the 
Mineral Titles Act is in preparation. Applications to extend 
the period of confidentiality will only be granted for specific 
and exceptional cases.

Petroleum Industry Reports

Onshore well completion reports and data are now routinely 
added to the GEMIS Petroleum Wells collection as they 
become open file. The majority of the open file reports 
and associated well data for 160 wells are available for 
download on GEMIS with the exception of datasets over 
1.5Gb. As of February 2016, 296 reports have files attached. 
Reports and datasets that are not scanned or are too large for 
web delivery are provided upon request to the Minerals and 
Energy InfoCentre. 

Significant progress is being made in the upgrade of the 
seismic reports database and indexing of legacy material 
not previously catalogued.  These records will eventually 
form the basis of a new petroleum geophysics collection in 
GEMIS.

Product Catalogue

The NTGS product catalogue has been redeveloped and 
will be available in GEMIS from March 2016. GEMIS will 
become a ‘one-stop-shop’ to find and download industry 
reports and NTGS products simultaneously. The new NTGS 
product catalogue has products grouped in the following 
collections: AGES abstracts and other papers; Digital 
Information Packages; Geophysical and remote sensing 
data; HyLogger data; Maps and explanatory notes; Reports, 
records and books (Figure 1).  

The product catalogue collections include content not 
previously delivered over the web. Clients can now read the 
HyLogger Data Package (HDP) reports prior to deciding 
to request the large hyperspectral datasets. Gravity survey 
and other datasets less than 1GB and most geophysical 
operations reports are also downloadable. 

Each individual abstract from all the AGES abstract 
volumes since 2000 have been indexed. Links in the item 
records point to the relevant AGES abstract volume for 
download.  From 2016 both the individual papers and the 
entire AGES Proceedings volume will be downloadable. The 
chapters of Geology and Mineral Resources of the Northern 
Territory are also available as individual downloads. 

Searching using the standard text box includes full 
text searching of publication contents for all publications 
except those scanned from the printed version. Search 
filters allow users to limit results by specifying indexed 
fields, such as “document type” or “geological province”.  
Search results are displayed in a table format and show the 
number of files available for download for each product. 
Users can either download all files for selected products 
from the results list using the “Add to cart” button or 
select specific files from each individual item page. Larger 
datasets, including HyLogger data, may be obtained from 
the Minerals and Energy InfoCentre by adding the item to 
the request cart. 
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Every item in GEMIS has a unique and persistent handle 
called a uniform resource identifier (uri) that can be used for 
easy referral and sharing. Search results can be saved to an 
Excel or Reference Manager file. The uri is included in the 
saved results. 

To receive notifications of new items added to GEMIS, 
users can subscribe to e-mail or RSS alerts for one or all 
collections.

Drilling and geochemistry data

A major review and validation of all drilling and geochemistry 
data has recently been completed with the validated data 
migrated to the Geobank database application. Critical 
data attributes were identified and data sources checked to 
populate records with missing data. Duplicates and records 
with critical attribute data missing have been removed. A 
new version of DIP 001 will be released fore AGES 2016. 
Related to this, the web services delivering boreholes to 
the AuScope Discovery Portal and the National Virtual 
Core Library, and the drilling and geochemistry layers on 
STRIKE are scheduled for an upgrade in March 2016.

STRIKE

Initial problems, particularly with delivery and 
representation of titles data, are mostly resolved. The 
resolution of these issues has been the high priority for the 

STRIKE support team over the last year. The focus is now 
shifting to enhancements and increasing functionality.

Reconfiguration of the layer menu by flattening the 
structure and bringing the geoscientific layer categories 
such as geology, geochemistry and drilling to the first 
level of the menu and moving the Reference layers out 
of the Titles Register category is the first change in 2016. 
Together with the renaming and moving of some layers to 
new categories, these changes will provide easier navigation 
and identification of layers. 

NTGS products

At AGES 2015 we released new editions of four NT wide 
maps, four new and three updated Digital Information 
Packages. Several updates of Shale resource data from the 
greater McArthur Basin (DIP 014) have since been released.

Six new records, 26 HyLogger data packages, new GIS 
datasets for the Illogwa Creek, Groote Eylandt Region, 
Henbury, Rodinga, Bloods Range and Pellew 1:250 000 scale 
outcrop geology maps and the Northern Wiso and Victoria 
Basin gravity survey data were released in 2015.   Fully revised 
GIS datasets for the Mt Liebig, Mt Rennie and Northwestern 
Musgrave Block Special 1:250 000 outcrop geology maps and 
minor revisions of six other GIS datasets were also released.

New editions of the NT-wide gravity and metallogenic 
maps are planned to be released at AGES in March 2016 and the 
NT-wide magnetic and radiometric maps shortly afterwards. 

Figure 1. Screen view of the new NTGS product catalogue in GEMIS.
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Background 

This paper presents the preliminary results from the modelling 
and interpretation of public domain airborne electromagnetic 
(AEM) datasets covering the eastern part of the McArthur 
Basin in Australia’s Northern Territory. The main purpose of 
the work is to assess their value for exploration through cover, 
and in particular, for assisting the mapping of key stratigraphic 
units in the subsurface when the data is reprocessed using 
more modern interpretation methods.

The work involved data-mining and the compilation 
of existing company and NTGS AEM data. The eastern 
portion of the McArthur Basin has an extensive coverage 
of data from a range of AEM systems, including helicopter 
and fixed-wing time-domain systems, plus some local scale 
helicopter frequency-domain surveys. Of these, only a few 
have been subject to analysis and interpretation using more 
recent modelling and inversion methods.

An assessment of these historical AEM data with a focus 
on the Batten Fault Zone has enabled us to evaluate their 
suitability for full non-linear inversion, or their transformation 
using approximate methods, to yield conductivity-depth 
information.  Adequate system characteristics descriptions 
are required so the data can then be used in the inversion or 
transformation process. This approach attempts to mitigate 
the influence of different system parameters and geometry 
employed in data acquisition. A key objective for the project is 
to develop a set of modelled results that permit the geographic 
transfer of geological understanding based on a more 
consistent spatial model of ground conductivity.  Collation 
and documentation of system and survey characteristics has 
been critical and forms an integral part of this activity.

Introduction

AEM methods offer an efficient way of investigating the 
geo-electrical structure of large areas in a timely manner and 
at relatively low cost.  We have reprocessed historic AEM 
surveys, most of which were acquired by mineral exploration 
companies and usually originally used as ‘bump detectors’. 
Previous work elsewhere in Australia has demonstrated the 
value of reprocessing legacy data for mapping geological 
structures in the near-surface (eg Ley-Cooper and Munday 
2013). There is an extensive literature that also demonstrates 
the added benefit that the inversion process brings to the 
analysis and understanding of the AEM data from a geological 
mapping perspective. 

The derived AEM models from all of the surveys in the 
eastern McArthur Basin will be compiled into a single set of 
maps depicting subsurface conductivity at different depths. 
The intent is to provide more elements and greater geological 
information on the spatial distribution, character, and 
connectivity of subsurface features, as well as provide data 
on groundwater quality and potentially different materials 

in the area. Some of these surveys overlap, but cannot be 
easily linked or compared seamlessly as they were acquired 
and processed independently by different companies and/or 
contractors, and at different times. 

The importance of proper system characterisation and 
modelling 

When attempting to extract quantitative models of subsurface 
conductivity from AEM data, the reliability of the model 
parameters that are fed into the inversion algorithm become 
crucial.  Inversion algorithms require quality data, precise 
forward-modelling and reliable systems specifications in 
order to achieve usable outcomes.  These elements are not 
always available, particularly when dealing with legacy 
datasets. Most commonly, the limiting factor can be 
attributed to the absence of adequate information about the 
system itself, including the waveform of the transmitter, the 
system geometry and system noise characteristics.

All systems have intrinsic peculiarities which need to be 
identified and properly defined to reduce the uncertainties 
in their modelling. Many examples in the literature (ie 
Christiansen et al 2011, Viezzoli et al 2013, Ley and Munday 
2013) have illustrated the consequence of an inaccurate 
description of AEM system parameters and how these can 
compromise the results.  In this work, we have looked at over 
40 different datasets that have been acquired across the basin 
between 1992 and 2008.   

Airborne EM systems 

Airborne EM systems consist of a transmitter (Tx) loop and 
a receiver coil (Rx) arranged in different geometries which 
are lifted on a platform. AEM transmitters induce a current 
into the ground that diffuses downward and outward into 
the subsurface.  Frequency and time domain EM methods 
differ mostly in the way they remove the effect of the induced 
primary field (Swift, 1988). In general terms, frequency-
domain (FDEM) systems induce sinusoidal fields at different 
frequencies. Through later processing, the primary and 
secondary fields are separated by subtracting the difference 
between the measured and predicted fields. FDEM data 
is recorded as two components for each frequency - an 
“In-phase” (IP) and “Out-of-phase” (or Quadrature = Q) 
component. In contrast, time domain EM (TDEM) systems 
commonly measure the secondary EM field response in the 
“off-time”. No further removal is needed in absence of the 
transmitted primary. 

McArthur Basin AEM dataset

Datasets currently being reviewed for this work come from 
different providers and instruments (as summarised in 
Table 1 and Figure 1).  All surveys have been subject to a 
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QA \ QC process and together they comprise the McArthur 
Basin dataset. The AEM systems that have been employed 
across the McArthur Basin include HUMMINGBIRD, 
DIGHEM (Helicopter frequency domain systems); 
QUESTEM, GEOTEM, INPUT, TEMPEST (fixed-wing 
time domain EM systems); VTEM and HoisTEM (helicopter 
time domain EM systems). Over 40 000 line km of data have 
been acquired with the seven different systems mentioned 
above (Table 1). The area covered is approximately 400 km2 
of the eastern McArthur Basin (Figure 1) 

Table 1. Line km flown by different AEM systems across the 
eastern McArthur Basin 

AEM system Line km

DIGHEM 862

GEOTEM 11,168

HOISTEM 331

HUMMINGBIRD 1,930

QUESTEM 19,635

TEMPEST 4,447

VTEM 1,739

Total 40,112

Processing and inversion 

All datasets are being processed by one or both of two 
algorithms that transform raw AEM data into conductivity 
and depth layer models. These include calculation of 
conductivity, depth and images (CDI’s) using EMFlow 
(Macnae et al 1998), and/or the generation of full 1D Layered 
Earth inversions using the GA_LEI algorithm [developed 
by Brodie (2010) and described Costello et al (2011)]. By 
stitching all the inverted 1D models, a conceptual 3D 
conductivity structure can be built and then be coupled with 
geological information for interpretation. 

In Figure 2 we illustrate the intent of the study, showing 
a subset of the AEM data sets and a derived interval 
conductivity (from a full non-linear inversion of the data) for 
the central part of the study area. A total of fourteen surveys 
from two AEM systems – the (TEMPEST (Lane et al 2000) 
and VTEM (Witherly et al 2004) systems, were used to 
generate the map shown. Data from these systems have 
been identified as being readily amenable to processing and 
transformation using more recent modelling and inversion 
algorithms. The interval conductivity image shows a highly 
conductive (>1S/m) zone in the north-east associated with 
salt water intrusion along the coastal sediments. Variably 
conductive parts of the McArthur Basin are also apparent 
further south. A line of TEMPEST data from a survey in the 
southern portion of the study area (E-W orientated orange 
line in Figure 2) shows the results from their transformation 
using EMFlow versus conductivity models derived from the 
GA-LEI inversion (Figure 3). 

The top panel (A) in Figure 3 is an indicator of the 
level of agreement between measured and modelled data.  
High values of ϕd  (above 1) are indicators of locations with 
either spurious data, or where steeply dipping boundaries 
have strong 2D and 3D effects on the data that cannot be 
appropriately resolved with the 1D algorithms we have 

used. In panel B, the Z (red) and X (black) component 
measured by the TEMPEST system is displayed as 
streamed channels of data. The changes in shapes and 
amplitude of the channel data are indicators of variations 
of conductivity along the line. Panel C shows a 30 layer 
smooth model inversion from the GA-LEI, and below it in 
Panel D, the results from a fast transform (EMFlow CDI) 
on the same line of data 

Panels C and D (Figure 3) show some significant 
differences that should be noted between the fast 
transform and the inverted models.  At a distance 14 000 
and 15 000 m from the start of the flight line on the left, 
a flat-lying conductor is modelled. Results from the full 
inversion (Figure 3: Panel C) resolve it as a segmented 
body at different depths, whilst the EMFlow CDI transform 
(Figure 3: Panel D) places it nearer to the surface as a more 
continuous conductivity structure. The CDI also fails to 
image the deeper feature (~100 m) imaged by the inversion 
at 594000mE. Dimensions and geometry are better resolved 
in the fully inverted model.  

System comparison 

We have also identified areas with overlapping datasets 
from different systems. In these coincident locations, we 
have determined there is a basis for further cross validation 
of derived EM models.  As an example, TEMPEST 
line L400301 is coincident with GEOTEM Line 1281 
(See Figure 4). Figure 5 shows the line in profile from 
where the surveys overlap. The overlap occurs between 
5900042mE and 599968mE.

The datasets are of variable quality, and their 
evaluation and suitability for further processing is 
still being determined. In Figure 5 where there is a 
coincident TEMPEST and GEOTEM line, we have used 
the conductivity depth images (from EMFlow) and the raw 
line channel to cross-correlate the derived conductivity 
models and asses the data.

From the raw channel data, we can see that the 
GEOTEM data have much higher amplitudes over this 
area – suggesting a greater ground response (associated 
with a higher moment). We can also see that the late time 
channels in the GEOTEM are not monotonically decaying. 
Abrupt changes and interruptions are indicators of noise in 
the late time channels that, when modelled, can introduce 
artefacts in the derived conductivity models. 

The TEMPEST data appears less noisy in the late time 
channels. The decays behave in a much more undulating 
manner. These data have the added benefit that two 
components have being measured, allowing further 
constraints in the modelling. The data comes from a 
comparatively low-powered system which implies the 
penetration is less than that of the GEOTEM. The recovered 
conductivity sections from both systems are similar in 
places, and they appear to image similar features in the 
near surface. However, The GEOTEM images conductive 
structures at much greater depth, structures that are not 
apparent in the TEMPEST results. Further work is required 
to resolve the geological significance of these. 



23

AGES 2016 Proceedings, NT Geological Survey

Figure 1. Location map of AEM data sets subject to QA/QC and transformation into an industry standard database format. AEM data 
sets have been assigned to a system type and flight line orientation. The flight-line distribution of all systems has been draped on a 
terrane valley bottom flatness index (Gallant and Dowling 2003).
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Figure 2. Map of inverted conductivity derived form 14 datasets and 2 different airborne EM systems, at a depth slice range between 
~8–15 m below the land surface. Conductivity-depth slice has been draped over a terrane index derived from MrVBF (Valley Bottom 
Flatness index) processing of the Shuttle SRTM 3 sec DEM.
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Figure 4. Coincident flight line segment (yellow) with overlapping TEMPEST (red) and a GEOTEM (green) data sets.

Figure 3. TEMPEST line 40140 showing on the very top panel (A) the level of fit at each location as a profile. In (B) the raw Z and X 
component channels of EM data displayed as a continuous streamed profile red and black respectively. Bottom two panels (C) and (D) 
show a comparison between a stitched conductivity-depth transforms (EMFlow) and one from a full non-linear inversion (GA-LEI).

Conclusion

Analysis and modelling the available AEM datasets over the 
McArthur Basin  has enabled us to QA/QC and transform 
legacy data into maps and sections that show the distribution 
and variations of conductive material at different depths. The 
available datasets are variable in quality; the absence of detailed 
metadata on system characteristics and details on survey 
parameters adds challenges to their combined interpretation. 

Direct stratigraphic interpretation of the modelled 
conductivity structure is possible only if there is a sufficient 
evidence to show that conductivity change is driven by 
change in lithology. Geological interpretation at depth will 
be challenged by the diffuse nature of AEM responses 
although early results indicate that the conductive response 
in some of these areas could be driven by particular 
lithological units. 
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Figure 5. Stitched conductivity depth (EMFlow) profile segment from coincident TEMPEST and GEOTEM flight lines.
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Teena is the most significant zinc discovery for 25 years 
in the world-class Carpentaria Zinc province of northeast 
Australia. It is located just 8 km west of Glencore’s 
McArthur River Zn-Pb Mine (190 Mt at 9.8% Zn, 4.3% Pb 
and 44 g/t Ag (Glencore 2015). Teena lies within the same 
stratigraphic host unit, but in a separate 4th-order sub-basin 
along a different structural corridor. The discovery was 
made by Teck in partnership with Rox Resources in 
2013 whilst testing a new high-grade target in the Teena 
Sub-basin. High-grade stratiform mineralisation has now 
been intersected over a 1.5 km strike extent, at depths of 
600 –1000 m, with several intercepts of >10 m thickness at 
13% to 17% Zn+Pb; this includes a peak intercept of 38.8 m 
at 16.9% Zn+Pb (Rox Resources Ltd 2015). 

The sub-basin depocenter formed as an asymmetric half-
graben with up to 800 m normal throw in an extensional fault 
relay along the south-dipping Jabiru-Bald Hills Fault Zone. 
We attribute formation of mineralisation at ca 1640 Ma 
to be related to NNW–SSE extension, not WNW – ESE 
compression or extension, as previously proposed 
(McGoldrick et al 2010). Despite its Paleoproterozoic age, 
inversion effects are minimal. This insight has important 
implications for target prediction.

Mineralisation is hosted by the reduced Barney Creek 
Formation (BCF), the transgressive facies between the 
Reward and Teena dolostones. The BCF transitions from 
basal, thinly interbedded, dolomitic-siliciclastic sandstone–
siltstone beds to laminated carbonaceous and pyritic 
siltstone–shale beds. Importantly, stratiform mineralisation 
occurs in the lower dolomitic carbonaceous shale facies, 
significantly below the maximum flooding surface. It 
comprises two lenses separated by the thickest sandstone 
mass flow units present in the basin, reflecting maximum 
fault subsidence. In contrast to the McArthur River deposit, 
dolomite talus breccias are very restricted to the immediate 
Jabiru Fault hanging wall. 

Two main stages of mineralisation comprise:  
(a) early diagenetic, fine-grained, laminated sphalerite with 
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disseminated to laminated framboidal pyrite in carbonaceous 
beds; and (b) late diagenetic, medium-grained, Fe-rich 
sphalerite and galena replacing carbonate nodules and lenses. 
This deposit has negligible Ag but significant Ge, presumably 
as a result of low fluid temperatures. Low-grade stratabound 
mineralisation up to 200 m thick extends through the 
altered basal dolomitic–siliciclastic facies in the immediate 
footwall rocks; low- to medium-grade hydrothermal breccia 
mineralisation is hosted within the Jabiru Fault Zone. 

Alteration styles include: (a) texturally-destructive 
green ferroan illite and phengitic illite in siliciclastic beds, 
(b) hematite alteration (± quartz) replacing carbonate 
nodules, and (c) massive, bladed to concretionary dolomite 
replacement lenses.

Low-level regolith geochemical responses have been 
detected along fault leakage zones. Applied geophysical 
techniques have been completed, including gravity, 
seismic, audio-magnetotellurics and electromagnetics, 
to characterise mineralisation and the host sub-basin 
architecture. The most effective techniques to guide new 
discoveries involve targeting sub-basin depocentres with 
maximum growth-fault throw, and detecting high-density, 
chargeable and conductive anomalies permissive of 
extensive pyrite haloes.
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Black shales have long been a subject of research as 
they yield a variety of geochemical and geobiological 
information. Black shales are excellent hosts for various 
ore deposits and microfossil assemblages; they are source 
rocks for hydrocarbons, and provide a good representation 
of organic matter distribution in time. Black shales have 
also been targeted to study redox conditions of the ocean 
and the atmosphere as the shales contain redox sensitive 
trace metal concentrations that can potentially be used to 
track atmospheric oxygenation through time. These trace 
elements can act as proxies for ocean acidification, redox 
structure, productivity and atmospheric oxygenation. Pyrite 
in black shales has been studied in more detail recently 
as pyrite is an excellent adsorber of most of these redox-
sensitive trace elements. 

Understanding pyrite trace element chemistry of black 
shales of McArthur Basin is important primarily for two 
main reasons. Firstly, Proterozoic ocean chemistry and 
atmospheric oxygenation is only partially understood, 
and there is a need for newer proxies to shed light on the 
sedimentological, paleontological, structural and tectonic 
history of the Paleo-Mesoproterozoic McArthur Basin. 
Secondly, the basin is also known to host various types 
of sediment-hosted ore deposits including world class 
SEDEX-style Zn-Pb deposits such as the McArthur River 
Mine. Exploration companies continue to explore the 
basin for similar deposits. This paper attempts to show 

how application of pyrite trace element chemistry using 
LA-ICP-MS can aid in exploration for stratiform Zn-Pb 
deposits. 

Three marine black shale formations from three 
different groups of the McArthur Basin have been studied 
in terms of their sedimentary environment and marine 
pyrite trace element chemistry. These formations are 
Wollogorang (~1730 Ma), Barney Creek (~1640 Ma) and 
Velkerri (~1400 Ma) from the Tawallah, McArthur and 
Roper groups respectively. Each of these groups is part of a 
depositional package that has a characteristic age, lithofacies 
composition, volcanic activity, basin-fill geometry and 
microfossil-assemblage. Sedimentary pyrite chemistry of 
black shale formations of these groups is presented and 
results are discussed in terms of changes in trace element 
(TE) availability in the ocean during the 1800 to 1350 Ma 
time span. Nutrient TE variations are related with biologic 
activity using available paleontological information. The 
study also included the analysis of sedimentary pyrites in 
black shales of the Barney Creek Formation from three 
drillholes of varying proximity to the McArthur River 
Mine. Ratios of certain trace elements that may prove to be 
a useful guide to stratiform mineralisation, such as Zn / Ni 
in pyrite, are discussed. A comparison is made between 
conventional analysis techniques and the LA-ICP-MS 
approach in order to highlight advantages and disadvantages 
of both techniques. 
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Introduction

The Central Oz Basins Resource Assessment (COBRA) 
initiative was a collaboration between CSIRO, the Northern 
Territory Geological Survey, the Geological Survey of 
Western Australia and industry partners Central Petroleum, 
Globe Mineral Resources and First Quantum Minerals. 
The project ran for 3 years from 2012 to 2015. COBRA 
consisted of geophysical, sedimentological, geochemical, 
hydrogeochemical, spectral, structural and mineralogical 
investigations that lead to an integrated 3D model of the 
Amadeus Basin.

The Amadeus Basin extends over 170 000 km2 of the 
NT and WA and is part of the Neoproterozoic–Palaeozoic 

Centralian Superbasin. The basin contains two sedimentary 
packages of Neoproterozoic and Cambrian–Carboniferous 
age, separated by a regional unconformity and 
unconformably overlain by Cenozoic sedimentary cover.

The COBRA study shows that the Amadeus Basin 
meets all criteria for hosting base metal deposits. The 
newly generated 3D basin architecture reveals that the pre-
Amadeus rift succession (Figure 1), exposed along the 
SW basin margin (Tjauwata Group), is several kilometres 
thick between magnetic basement and Amadeus Basin fill. 
The delineation of this succession identifies an important 
potential source for base metals. The interpretation also 
highlights numerous new anticlines and synclines within 
the basin (Figure 2) that are fundamental for trapping 

Figure 1. Distribution of pre-Amadeus 
Basin rift phase successions (solid 
blue) throughout the Musgrave 
Province including the new interpreted 
Amadeus Basin extent (modified after 
Close et al 2003, Camacho et al 2015) 
and newly interpreted rift succession 
between metamorphic basement and 
Amadeus Basin succession (base 
Heavitree Quartzite) modelled from 
gravity and magnetic data. Scale is 
thickness in metres.

Figure 2. Amadeus Basin map showing structures interpreted from a combination of magnetic and gravity data. Background image is 
first vertical derivative gravity image.
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Figure 4. Stratigraphic column for Amadeus Basin based on Edgoose 
(2013), updated to include revised Bitter Springs Group nomenclature 
by Normington et al (2015) and packages used in this study.

Figure 3. 3D model view towards NW showing modelled package 
between Bitter Springs and Pertnjara packages (5x vertical 
exaggeration).

hydrocarbons or metal-bearing fluids. 3D modelling 
(Figures 3, 4) of the sedimentary succession shows that 
the southern part of the basin was uplifted, whereas the 
northern part deepened during the Alice Springs Orogeny, 
creating a major structural divide that is expressed as 
the ‘Central Ridge’. The reactivation of structures and 
associated movement of thick salt intervals within the 
Neoproterozoic Gillen Formation (and middle Cambrian 
Chandler Formation) led to the basin-wide circulation 
of highly saline brines, as reflected in groundwater data 
(Figure 5). Such saline brines are efficient carriers of base 
metals. The high salinity in combination with diagenetic 
temperatures of ca 100°C in younger units and up to 170°C 
in older units gives an ideal temperature range for potential 
base metal mineralisation and hydrocarbon maturation. 
Hydrothermal fracturing occurred at temperatures up 
to 270°C along the basin margin further increasing the 
potential for mineralisation.

The redox potential of the sedimentary succession is 
favourable for hosting Mississippi Valley-type (MVT), 
sedimentary exhalative-type (SEDEX), redbed Cu-type 
(Kupferschiefer) or sedimentary base metals deposits 
(summarised in Table 1). The depositional environment 
and geochemical composition of the Arumbera Sandstone 
and Johnnys Creek Formation favours these units as the 
most likely to be a source of redbed Cu-style metals 
(Figure 4). The most likely stratigraphic units for hosting 
MVT deposits are dolostone-dominated intervals in the 
Cambrian succession. There is also potential for MVT 
mineralisation related to hydrocarbon accumulation. 
Reduced marine shales that may host SEDEX deposits 
are rare, with the most likely host being the Pertatataka 
Formation. The Arumbera Sandstone, Cambrian 
dolostones and Pertatataka Formation can be explored by 
using a combination of shallow magnetics and ASTER 
data.

Overall, the Amadeus Basin is regarded as highly 
prospective for hosting potential economic base metal 
deposits, as well as hydrocarbon accumulations.



31

AGES 2016 Proceedings, NT Geological Survey

Figure 5. Map and cross-section showing elevated SO4 over Cl (gypsum indicator) in groundwater and spatial link to underlying salt 
units potentially carried into shallow aquifers along structures. (a) current outcrop map, (b) interpreted simplified geological map 
without Cenozoic sediments, and (c) interpreted simplified map at 1500 m below sea level, showing shallow groundwater enriched in 
gypsum hydrologically linked to underlying salt units.
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Stratigraphic Unit Package 
name

Current Redox 
State

Red-bed 
Cu

SEDEX MVT Sedi-
mentary

Horseshoe Bend Shale Pertnjara oxidised x x

Brewer Conglomerate Pertnjara oxidised x

Stokes Siltstone Larapinta oxidised & reduced x

Horn Valley Siltstone Larapinta reduced x x

Pacoota Sandstone Larapinta reduced & oxidised x

Goyder Formation Pertaoorrta reduced x x

Jay Creek Limestone Pertaoorrta reduced x

Shannon Formation Pertaoorrta reduced & oxidised x

Hugh River Shale Pertaoorrta oxidised x x

Deception Formation Pertaoorrta oxidised (x)

Giles Creek Dolostone Pertaoorrta oxidised & reduced x

Illara Sandstone Pertaoorrta oxidised (x)

Tempe Formation Pertaoorrta oxidised & reduced x x

Chandler Formation Pertaoorrta oxidised x x

Todd River Dolostone Pertaoorrta oxidised x

Arumbera Sandstone Pertaoorrta oxidised x

Julie Formation Inindia reduced x x

Pertatataka Formation Inindia reduced x x

Olympic Formation Inindia reduced & oxidised (x) x

Aralka Formation Inindia reduced x x

Wallara Formation Bitter Springs reduced x x

Johnnys Creek Formation Bitter Springs oxidised x x x

Loves Creek Formation Bitter Springs reduced & oxidised x

Gillen Formation Bitter Springs oxidised x

Table 1. Amadeus Basin stratigraphic units with potential for sourcing or hosting base metal mineralisation.

References

Camacho A, Armstrong R, Davis DW and Bekker A, 2015. 
Early history of the Amadeus Basin: Implications for 
the existence and geometry of the Centralia Superbasin. 
Precambrian Research 259, 232–242.

Close DF, Edgoose CJ and Scrimgeour IR, 2003. Hull and 
Bloods Range Special, Northern Territory. 1:100 000 
geological map series explanatory notes. Northern 
Territory Geological Survey, Darwin.

Edgoose C, 2013. Chapter 23: Amadeus Basin: in Ahmad M 
and Munson TJ (compilers). ‘Geology and mineral 
resources of the Northern Territory’. Northern Territory 
Geological Survey Special Publication 5. 

Normington VJ, Donnellan N and Edgoose C, 2015. 
Neoproterozoic evolution of the Amadeus Basin: 
evidence from sediment provenance and mafic 
magmatism: in ‘Annual Geoscience Exploration 
Seminar (AGES) 2015. Record of abstracts’. Northern 
Territory Geological Survey, Record 2015-002, 73–78.



33

AGES 2016 Proceedings, NT Geological Survey

Exploring the sub-salt play in the frontier Amadeus Basin – Insights from potential field data analysis
Timothy Debacker1,2, Karen Connors1, Jia-Urnn Lee1, Sandy Watters3, Jenni Clifford3, Phil Plummer4and Sandra Menpes3

1 FROGTECH, Suite 17F, Level 1, 2 King Street, Deakin West ACT 2600, Australia
2 Email: tdebacker@frogtech.com.au
3 Santos Ltd, 60 Flinders St, Adelaide SA 5000, Australia
4 17 Pritchard Grove, Pasadena SA 5042, Australia

© Northern Territory Government March 2016.  Copying and redistribution of this publication is permitted but the copyright notice must be kept intact 
and the source attributed appropriately.

Background

Santos Ltd (Santos) entered into the southern Amadeus 
Basin (Figure 1) via a partnership with Central Petroleum 
Ltd in 2012 to explore the sub-salt and intra-salt plays of 
the Neoproterozoic lower Gillen-Heavitree Petroleum 
System. A central basin high and focus for regional 
hydrocarbon migration was postulated to have formed as a 
result of deformation and loading of the basin to the south 
(580–530 Ma Petermann Orogeny), and later deformation 
and loading to the north (450–300 Ma Alice Springs 
Orogeny). The primary exploration objective was the 
Heavitree Quartzite, a fluvio-marine sandstone that had 
flowed gas from Magee-1 (drilled 1992), the only well to 
test the Neoproterozoic sub-salt play in this frontier basin 
at that time. Subsequently, a second test of the play, the 
Southern Amadeus Joint Venture’s Mt Kitty-1 well, flowed 
gas from fractured granitic basement. This test confirmed 
the existence of an extensive sub-salt petroleum system as 
well as the excellent sealing capacity of the Neoproterozoic 
evaporites. Gas flows from both wells recorded helium 
contents of ca 6–9% in addition to hydrocarbon and inert 
gases.

In 2013 Santos acquired over 1500 km of regional 2D 
seismic across the Southern Amadeus Joint Venture (SAJV) 
permits (Figure 1). This survey was the first regional 
seismic dataset acquired over the southern Amadeus 
Basin; it resulted in the identification of two significant 
sub-salt structures, named Dukas and Mahler. The Dukas 
lead, located north of Murphy-1, comprises a large and 
broad basement roll-over mapped on three seismic lines 
(Figure 2). Post-salt reflections are clearly imaged, but 
data quality is highly variable where salt mobilisation has 
occurred with basement locally difficult to image. Infill 
seismic is to be acquired in 2016 to advance both the Dukas 
and Mahler leads to drillable prospects.

In areas where seismic coverage is sparse (as it is across 
much of the southern Amadeus Basin) or of poor quality, 
higher spatial density magnetic and gravity surveys can 
be used to interpolate trends between seismic and well 
control. In 2014, Santos contracted FROGTECH to update 
the SEEBASE™ Depth-to-Basement Model of the Amadeus 
Basin (Munroe et al 2004, FROGTECH 2005). The model 
was calibrated with the newly acquired regional seismic 
data to provide a high-resolution depth-to-basement model 
for the Amadeus Basin and to place the primary sub-salt 

Figure 1. Amadeus Basin map highlighting Santos acreage, regional seismic lines acquired in 2013 AMSAN seismic survey and key 
well locations.
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play into a regional perspective. The updated depth-to-
basement model was then used as a guide for planning 
the upcoming infill seismic program over the key leads 
identified (Figure 3).

SEEBASE™ Depth-to-Basement Model

The depth-to-basement study was undertaken in two 
stages as new data became available, with the first stage in 
the eastern Amadeus Basin in 2014 and the second in the 
western Amadeus Basin in 2015 (Figure 4). 

The 2014–2015 SEEBASE™ depth-to-basement model 
is based on an interpretation of high-resolution gravity and 
magnetic data, and is calibrated with Santos seismic and 
other geological data. The new model has a much higher 
resolution and is a major improvement in terms of basement 

structure and basin geometry compared to the previous 
SEEBASE™ depth-to-basement model (Munroe et al 2004, 
FROGTECH 2005).

The interpretation of basement structure below the 
Amadeus Basin is largely based on magnetic data. Basement 
below the central and eastern parts of the Amadeus Basin 
consists of several NNE–SSW-trending zones of more felsic 
and more mafic rock, heavily intruded by granitoids. This 
basement is interpreted as a continuation of the Albany-
Fraser Orogen to the south, in agreement with Betts et al 
(2011). The western part of the Amadeus Basin is situated 
above a newly-defined micro-craton, the Gillespie Terrane. 
The SEEBASE™ depth-to-basement model, basin shape, 
intrabasinal deformation style and deformation style in 
exposed basement surrounding the Amadeus Basin, all 
illustrate the strong influence of basement on basin evolution.

Figure 2. Regional N–S seismic line AMSAN13b-04 from 2013 AMSAN seismic survey highlighting the Dukas lead (see Figure 3 for 
line location).

Figure 3. 2014–2015 SEEBASE™ image with sub-salt leads, 2013 AMSAN seismic survey and key wells highlighted.
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In various parts of the Amadeus Basin, depth-to-
basement can be mapped with a relatively high level 
of confidence on the basis of magnetic data (eg eastern 
margin), but this is difficult to achieve across the entire basin 
because of the presence of a sometimes thick non-magnetic 
to poorly magnetic metasedimentary package in the upper 
basement parts. The presence of thick metasedimentary 
rock packages is likely to have facilitated local basement-
involved deformation. 

Within the Amadeus Basin, an interpretation of the 
gravity data is not straightforward. A comparison of all 
available geological data (wells, surface geology), seismic 
data and potential field data, shows that the Bouguer gravity 
is controlled by variations in depth to basement, variations in 
basement composition and density variations of intrabasinal 
units. The latter density variation makes depth-to-basement 
interpretation on the basis of gravity data alone difficult, 
but with the aid of high-pass gravity filters and calibration 
with wells, seismic data and cross-sections, this feature can 
be used successfully to map high-density intrabasinal units. 

2D seismic data from two areas proved particularly 
useful for calibrating and interpreting the gravity data. The 
2013 AMSAN seismic survey in the eastern Amadeus Basin 
across the Dukas lead illustrates the largely detached nature of 
deformation related to the Petermann Orogeny and the local 
presence of basement-involved deformation associated with 
the Petermann Orogeny. The survey also allows the linking of 
elongate, short- and intermediate-wavelength, positive gravity 
anomalies to deformation features. This is particularly clear 
along line AMSAN 13b-04 shown in Figure 2; this line was 
used to construct a regional gravity model across the eastern 
Amadeus Basin (eastern line in Figure 4). However, due to 
the common presence of seismic wash-out zones in the 2013 
AMSAN seismic data and the largely detached deformation 
style (Figure 2), variations in basement topography and their 
reflection in the gravity data are often ambiguous.

The 2014 seismic survey across the Mereenie area in 
the central northern part of the Amadeus Basin illustrates 
a mainly basement-involved style of deformation, attributed 
to the Alice Springs Orogeny that is reflected in the 
gravity data. Moreover, although situated in a regional 
negative gravity anomaly that partially coincides with a 
deep foreland basin related to the Alice Springs Orogeny 
(eg Hermannsburg cross-section, Warren and Shaw 1995), 
basement in the Mereenie area is much shallower than 
originally expected.  

The insights gained from these two areas were used for 
a regional interpretation of the gravity data.

Elongate, short- to intermediate-wavelength, NW–SE- 
to E–W-trending and locally ENE–WSW-trending gravity 
anomalies (eg on high-pass filters of the Bouguer gravity 
with wavelengths up to 300 km) characterise the central 
to eastern parts of the Amadeus Basin. These mainly 
reflect tilted to deformed high-density intrabasinal units 
(Figure 4). The principal high-density units within the 
Amadeus Basin are carbonate rocks of the Bitter Springs 
Formation. Where these carbonate rocks are upturned, they 
are clearly reflected in the high-pass gravity data. Similarly, 
wash-out zones on seismic data, interpreted as brecciation 
zones resulting from salt mobilisation, clearly show up 
as local positive gravity anomalies. The positive gravity 
signal is attributed to brecciated high-density residuals (eg 
anhydrite, dolomite) from halite migration as confirmed 
by well data. The trend and extent of folded Bitter Springs 
carbonate rocks and the potential extent of the brecciated 
zones has now been mapped in improved detail using 
various filters of the gravity data and constraining datasets. 
This mapping has been used to assess the subsalt plays. 
The trend of elongate short- to intermediate-wavelength 
intrabasinal gravity anomalies can be linked to the effects 
of the Petermann Orogeny in the central and southern 
parts of central and eastern Amadeus Basin, and the Alice 

Figure 4. HP300 km Bouguer gravity image showing a central positive gravity anomaly (red tones), flanked to north and south by 
negative gravity anomalies (blue-green tones) below the basin edges. Dashed white line shows zone where high-density Neoproterozoic 
units are present at surface. Basement terrane boundaries are shown by thin white lines. Phase 1 outline in dashed black, and Phase 2 
outline in solid black.
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Springs Orogeny in the northern part of western Amadeus 
Basin and central to northern parts of central and eastern 
Amadeus Basin, and to pre-existing changes in basement 
topography.

The northern and southern margins of the central and 
eastern Amadeus Basin are characterised by regional 
negative E–W-trending, intermediate- to long-wavelength 
gravity anomalies, whereas the central basin is characterised 
by a regional positive gravity anomaly. 

The results of gravity modelling and integrated 
interpretation of all datasets indicate that there is no single 
regional basement high within the Amadeus Basin; the 
regional E–W-trending negative gravity anomalies at the 
northern and southern edge of the basin are not simply 
a reflection of deeper basement (Figure 4). The central 
E–W-trending positive gravity anomaly results mainly 
from the widespread occurrence of shallow high-density 
intrabasinal units, but also partly from a gentle crustal-scale 
flexure, resulting in shallower Moho beneath the basin (as 
a result of tectonic loading on the margins). The southern 
negative gravity anomaly results from a combination of a 
deep Moho (thicker crust) and relatively low-density crust 
dominated by felsic intrusive rocks, and the contrast of low-
density crust with very high-density crust and shallow mantle 
of the central Musgrave Province. The northern negative 
anomaly corresponds to the combination of a low-density 
late Palaeozoic depocentre and the low-density granite-
dominated Warumpi Terrane, but is also related to the strong 
contrast with an extremely strong positive gravity anomaly 
that is associated with the Arunta West Terrane to the north, 
resulting from up-thrusted mantle and lower crust.

Future exploration program

A 1300 km 2D seismic infill program is due to commence 
in May 2016, designed to mature leads identified from the 
2013 seismic survey and the 2014–2015 SEEBASE™ depth-
to-basement map to drillable prospect status. 
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Introduction

The Amadeus Basin in central Australia contains commercial 
petroleum fields and has the potential to host undiscovered 
resources. Current production is from Ordovician reservoirs 
in the Mereenie oil and gas field, the Palm Valley gas field 
and until recently, the Surprise oil field (Heugh et al 2012), 
in addition to the Neoproterozoic Dingo gas field (Figure 1). 
Despite this production, most of the greater Amadeus Basin 
is largely considered to be a greenfields basin (Marshall 
2005, Munson 2014). The majority of exploration drilling 
has been undertaken near the Central Ridge and has focused 
on Ordovician plays where source rocks, presumably within 
the Horn Valley Siltstone, have generated and expelled 
petroleum into reservoirs within the Pacoota and Stairway 
sandstones (Korsch and Kennard 1991, Figure 2). 

The granting of licenses for the construction of a gas 
pipeline to the east coast of Australia (Onshoregas 2016) 
has focused new interest in the Amadeus Basin for both 
conventional and unconventional petroleum exploration and 
production (Carr et al 2016). The discovery of light sweet 
crude in Surprise 1 by Central Petroleum is evidence that 
the Horn Valley Siltstone contains an abundance of both 

oil and gas reserves (Munson 2014). Furthermore, in the 
southwestern part of the basin, helium-rich gas has been 
discovered in the Tonian Heavitree Quartzite at Magee 1 
(6 mol% He: Palmer and Ambrose 2012, Wakelin-King 
and Austin 1992) and Mt Kitty 1 (5.8 mol% He: Palmer and 
Ambrose 2012).

The Onshore Energy Systems Section at Geoscience 
Australia has undertaken a comprehensive geochemical 
study of the Amadeus Basin. One component of the study 
is the Australian Source Rocks Mapping Project in which 
newly acquired and legacy total organic carbon (TOC) and 
Rock-Eval pyrolysis screening data (total number of samples 
with data is 1177) are used to determine the distribution, 
type, quality, maturity and generation potential of source 
rocks in the basin. The second component of this study uses 
compound-specific stable carbon and hydrogen isotopic 
analysis to conduct gas-oil and oil-source rock correlations 
to better define the basin’s petroleum systems. Analyses of 
Cambrian and Neoproterozoic source rocks are sparse even 
though oil and gas shows have been identified in these older 
sections that are unlikely to have been derived from the 
Horn Valley Siltstone. In this study, we highlight some of 
the results of this ongoing research.

Figure 1. Hydrocarbon accumulations in the Amadeus Basin.
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Figure 2. Amadeus Basin stratigraphy (Carr et al 2016).
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Source rock geochemistry

The Amadeus Basin contains carbonate and siliciclastic 
source rocks with variable organic richness and quality 
(Figure 3). According to the classification of Peters and 
Cassa (1994), three source rock units exhibit excellent 
organic richness (TOC >4%), namely the Ordovician Horn 
Valley Siltstone, the Cambrian Tempe Formation and 
the Tonian Johnnys Creek Formation (lithostratigraphic 
nomenclature after Normington et al 2015 and Carr et al 
2016). A further five units have good organic richness (TOC 
2–4%): the Cryogenian Aralka and Areyonga formations; 
Ediacaran Pertatataka Formation; and the Cambrian 
Chandler Formation and Jay Creek Limestone (Figure 2).

In the past, emphasis has been placed on the Horn 
Valley Siltstone, long considered to be the main source 
of hydrocarbons produced from the basin’s Ordovician 
reservoirs (Kurylowicz et al 1976, Jackson et al 1984; 
Summons and Powell 1991). Detailed analysis of this 
formation reveals that its fossiliferous shale units are 
typically organic-rich (TOC up to 11%) and contain Type 
II kerogen, whereas those barren of fossils have lower 
TOC contents (<0.5%) and contain predominantly ‘Type 
III kerogen’ (Gorter 1984, Marshall 2005). Other workers 
have divided the Horn Valley Siltstone into ten members 
consisting of four main lithologies: brown to black 
laminated siltstones and mudstones, laminated calcilutite, 
marls, and fossiliferous coquinas, with the variations in 
facies resulting from a marine transgression and regression 
(Elphinstone 1989, Edgoose 2013). Elphinstone (1989) also 

showed that laminated siltstones have the highest TOC and 
hydrogen index (HI) values and that only one unit (HV7) 
contains fossil evidence for Gloeocapsomorpha prisca (G. 
prisca), found in Ordovician oil-prone shales (Guthrie and 
Pratt 1995).

Geoscience Australia is currently geochemically 
characterising these facies using stable isotopes and 
biomarkers to determine their generation potential and 
whether they are oil- or gas-prone; characteristics that are 
essential to accurately define play fairways and sweet spots. 
These source rock units are also being correlated to the oils 
and condensates found within the Ordovician reservoirs of 
the producing fields. This study demonstrates that numerous 
potential source rocks are present within the Precambrian, 
Cambrian and Ordovician successions. Rigorous quality 
control of TOC and Rock-Eval pyrolysis data was undertaken 
using the methodology of Hall et al (2016). The results of 
the revised source rock data interrogation are presented in 
Figure 4. Only in the case of the Horn Valley Siltstone are 
there sufficient data to undergo statistical analysis. For all 
the other potential source rocks there are either limited data 
(<6 samples) or, in the case of the Jay Creek Formation and 
Johnnys Creek Formation, no reliable Rock-Eval analyses, 
highlighting the need for further data acquisition.

The Horn Valley Siltstone has HI values within the range 
5 to 664 mg HC/g TOC, indicating that source rock quality 
is variable. Although the better-quality samples contain 
oil-prone Type I to Type II kerogen, many have HI values 
<150 as a consequence of poor preservation of their microbial 
algal organic matter and/or elevated thermal maturity.

Figure 3. Secular variation of TOC content in the Amadeus Basin.
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Fluid isotope geochemistry 

Stable carbon isotopic signatures (δ13C) of the bulk 
saturated and aromatic hydrocarbon fractions were used to 
identify differences between the produced oils and oil stains 

recovered from Ordovician reservoirs. In a single oil family, 
the δ13Csat and δ13Carom values typically do not deviate more 
than 1−2‰ (Sofer 1984, Edwards and Zumberge 2005). The 
oils and condensates of the Mereenie and Palm Valley fields 
cluster into distinct families suggesting that they are derived 

Figure 4. Geochemistry of source rocks in the Amadeus Basin. HVS = Horn Valley Siltstone. (a) Hydrogen Index (mg HC/g TOC) 
versus Oxygen Index (mg CO2/g TOC).(b): Hydrogen Index (mg HC/g TOC) versus Tmax (°C). (c) Hydrogen Index (mg HC/g TOC) 
versus TOC (wt %). (d) Tmax (°C) versus Production Index. 

a
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from several different source units (Figure 5). The Surprise 
oil is strongly differentiated from those in the Mereenie and 
Palm Valley fields on the basis of its heavier δ13Csat value, 
whereas an oil stain in core of the Cambrian Giles Creek 
Dolostone from Alice 1 (McKirdy 1977, McKirdy et al 
1983) is isotopically indistinguishable from the Mereenie 
crudes.

The carbon and hydrogen isotopic signatures of 
individual n-alkanes are a useful method for determining 
oil-oil and oil-source rock correlations (Boreham et al 
2004, Edwards et al 2013). Figure 6 illustrates the 
δ13C and δD profiles of the C7+ n-alkanes in oils and 
condensates from the Mereenie, Palm Valley and Surprise 
fields, with the shaded area showing the isotopic variation 
within the Horn Valley Siltstone, a result of source and 
maturity differences. Comparison of the δ13C profiles 
of these Ordovician-reservoired oils with those of a 
Cambrian and a Neoproterozoic oil stain, as reported by 
Boreham and Ambrose (2005) and Jarrett (2014), reveals 
that the oil stains are more depleted in 13C, reflecting a 
different biological input to their respective source rocks. 
n-Alkane δ13C and δD profiles have not yet been obtained 
for Cambrian source rocks due to the low organic richness 
of the samples analysed. However, strong hydrocarbon 
staining throughout the Alice 1 core is evidence for 
initial expulsion from the Chandler Formation into the 
Giles Creek Dolostone reservoir (Boreham and Ambrose 
2007). A correlation between an oil stain and source beds 
within the Aralka Formation in drill core from BR05DD01 
has been confirmed using n-alkane compound-specific 
analysis, hydrocarbon biomarkers and stratigraphic 
relationships (Jarrett 2014).

Conclusion

The Onshore Energy Systems Section at Geoscience 
Australia is undertaking a detailed geochemical study of 

the Amadeus Basin to better understand the hydrocarbon 
prospectivity of the basin and to reduce exploration risk. 
Screening of the available source rock data has shown that 
further work is required to determine the hydrocarbon 
potential of the Cambrian and Neoproterozoic sections 
since not all fluids in the basin can be correlated to the 
effective source rocks of the Ordovician Horn Valley 
Siltstone.

The δ13C isotopic signatures of the bulk saturated 
and aromatic hydrocarbon fractions, together with their 
n-alkane δ13C and δD profiles, indicates that the oils and 
condensates from the three producing fields (Surprise, 
Palm Valley and Mereenie) exhibit significant source and 
maturity-related differences, despite them all being found 
within Ordovician reservoirs.
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Figure 5. Cross plot of δ13C signatures of the bulk saturated and 
aromatic hydrocarbon fractions (‰ VPDB) showing the range 
of values for oils and condensates in Ordovician reservoirs 
from the Mereenie (blue oval), Palm Valley (black oval) and 
Surprise (red circle) fields, and an oil stain (purple circle) from 
the Cambrian Giles Creek Dolostone in Alice 1. 

Figure 6. (a) Carbon (δ13C, ‰ VPDB) and (b) hydrogen (δD, ‰ 
SMOW) isotopic composition of C7+ n-alkanes in oils and oil 
stains (solid line averages for fields with multiple fluid samples). 
The oil stains are from Alice 1 in the Giles Creek Dolostone and 
BR05DD01 in the Aralka Formation.
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Two gravity surveys covering over 13% of the 
Northern Territory mainland (Figure 1) and almost 
97 000 line km of magnetic and radiometric data were 
acquired under the Creating Opportunities for Resource 
Exploration (CORE) initiative in 2015 (Figure 2). 

These data were complemented by another 7045 gravity 
stations acquired through a Geophysical and Drilling 
Collaboration (GDC) co-funded survey and over 20 000 
line km of magnetic and radiometric data reported via 
industry in 2015. 
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Figure 1. Location of ground gravity surveys: completed, planned or proposed under the CORE initiative. Completed surveys are 
outlined in green with the Bouguer anomaly survey images plotted on the map. Discontinuities at the boundary between adjacent 
Bouguer anomaly images are the result of colour stretches being applied to individual surveys rather than continuously across the 
Territory. Purple outlines are planned gravity surveys; orange outlines are proposed gravity surveys. The grey outline is the Northwest 
McArthur Basin Gravity Survey, originally proposed in 2015, but no longer being considered for acquisition under the CORE initiative.
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CORE Initiative Geophysical Acquisition Program

The CORE initiative geophysical acquisition program aims 
to improve gravity coverage to 4 km station spacing or 
better, and magnetic and radiometric coverage to 400 m 
line-spaced or better in the greater McArthur Basin. 
Gravity acquisition focused on the western part of the 
greater McArthur Basin (Close 2015) with the NTGS North 
Wiso Basin Gravity Survey and the NTGS Victoria Basin 
Gravity Survey completed (Figure 1). These surveys have 
increased the area of the NT mainland covered by modern, 
good resolution gravity from 62% to around 75%. 

The NTGS Daly Basin Gravity Survey is planned 
to commence in June 2016; the survey area (Figure 1, 
purple outline) lies directly north of the NTGS Victoria 
Basin Gravity Survey. The survey design has been revised 
from that proposed in 2015 (Dhu 2015) and covers an area 
of over 35 000 km2. The opportunity exists for industry 
to collaborate with NTGS to increase gravity resolution 
over specific areas of interest. The previously proposed 
Northwest McArthur Basin Gravity Survey is no longer 

be targeted in this initiative (Figure 1, grey outline). The 
25 000 km2 proposed South Nicholson Basin Gravity Survey 
(Figure 1, orange outline) is still under consideration and if 
acquired, will commence in 2017.

The NTGS Delamere and Spirit Hills Magnetic and 
Radiometric Survey cover two areas in the western greater 
McArthur Basin (Figure 2). The westernmost Spirit Hills 
area covers approximately 8500 km2 while the more eastern 
Delamere area covers over 25 000 km2. This completes the 
planned magnetic and radiometric acquisition for the CORE 
initiative.

NTGS North Wiso Basin and Victoria Basin gravity 
surveys

The NTGS North Wiso Basin and Victoria Basin gravity 
surveys were combined with gravity data from Tom 
Oates GDC Birrindudu and Victoria Petroleum surveys 
(Oates 2015) and Proto Resources’ and Investment Ltd’s 
Waterloo survey (Muir 2012). The North Wiso and Victoria 
Basin data consist of 4990 and 6172 stations respectively 
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Figure 2. Location of magnetic/radiometric surveys completed under the CORE initiative. (a) magnetic: RTP TMI is plotted for 
individual magnetic surveys (b) radiometric: ternary radiometric image (red is potassium, green is thorium and blue is uranium) is 
plotted for individual radiometric surveys. No more magnetic and radiometric surveys are proposed for acquisition under the CORE 
initiative.
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Figure 3. (a) Station locations from the NTGS North Wiso Basin Gravity Survey (red), NTGS Victoria Basin Gravity Survey (blue), 
GDC Birrindudu and Victoria Petroleum Project for Tom Oates (black) and CR2012-0455 Waterloo project Gravity Survey for Proto 
Resources and Investment Ltd (green) overlaying 1:2 500 000 Geological Regions of the Northern Territory. (b) Bouguer anomaly image 
gridded from the four surveys listed displayed with a histrogram stretched pseudocolour algorithm where red colours represent high 
values and blue colours represent low values.

Figure 4. (a) Station locations from the NTGS North Wiso Basin Gravity Survey (red), the South Wiso Basin Gravity Survey (blue), the 
Tennant Creek Gravity Survey (green) and a number of industry gravity surveys (black). (b) Bouguer anomaly image gridded from the 
listed surveys displayed with a histogram stretched, pseudocolour algorithm with northeast sunshade where red colours represent high 
values and blue colours represent low values, overlain by the Tomkinson Province boundary. 

on a 4 km x 4 km grid while the Birrindudu and Victoria 
Petroleum surveys comprise 7045 stations nominally on 
a 1 km x 1 km grid with some 500 m x 500 m infill; the 
Waterloo survey is variably spaced with station spacing 
ranging from 100 m to 500 m (Figure 3a). 

Figure 3b displays the spherical cap Bouguer anomaly 
for the combined surveys with an 800 m grid cell size. The 
western margin, located in the Victoria Basin, presents as 
a Bouguer anomaly low with increased gravity response 

in the northwest and central areas. There are a number of 
small linear trends in the west of the survey area, including 
a dominant east trending gravity trough in the southwest. 
A number of north-northwest trending gravity ridges are 
truncated by the southeastern margin of the survey.

A second Bouguer anomaly grid extending south of the 
NTGS North Wiso Basin Gravity Survey was generated 
from a combination of the NTGS North and South Wiso 
Basin and Tennant Creek gravity surveys plus over 30 000 
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industry-reported gravity stations (Figure 4a). The north-
northwest trending gravity ridges appear to extend from the 
Tomkinson Province on the eastern boundary of the survey 
(Figure 4b). The image is dominated by northwest trending 
structures in the south that rotate more northerly towards 
the centre of the image.

Delamere and Spirit Hills Magnetic and Radiometric 
Survey

The Delamere portion of the Delamere and Spirit Hills 
magnetic and radiometric survey covers parts of the 
Daly and Victoria basins and the Kalkarindji Province 
(Figure 5a). While some shallow folding is evident at the 
southern boundary of the image, the speckled response of 
the early Cambrian Antrim Plateau Volcanics dominates 

the image (Figure 5b). Figure 5c shows the reduced to 
pole (RTP) total magnetic intensity image (TMI) upward 
continued 1000 m. The upward continuation filter dampens 
the high-frequency response minimising the impact of 
the Antrim Plateau Volcanics. In this image, a number of 
northwest trending structures are visible and anomalies 
from deeper bodies are more evident. Figure 5d shows the 
radiometric response for the survey.

The more westerly Spirit Hills area of the survey 
covers the Victoria, Bonaparte and Fitzmaurice Basins 
(Figure 6a). The survey is less affected by the speckled 
response present in the Delamere area. There are low 
amplitude, high frequency anomalies indicative of shallow 
structures coincident with the Keep River and surrounding 
plains. A low response, relatively smooth texture is apparent 
over the central Fitzmaurice Basin with higher amplitude 
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Figure 5. (a) Delamere area of the NTGS Delamere and Spirit Hills Magnetic and Radiometric Survey outline overlain on the 1:2 500 000 
Geological Regions of Northern Territory. (b) Delamere RTP TMI image displayed with a histogram stretched, pseudocolour algorithm 
with northeast sunshade overlain by fold trends in the south. (c) Delamere RTP TMI upward continued 1000 m image displayed as per 
(b) overlain by the Daly Basin boundary in the northeast. (d) Delamere ternary radiometric image (red is potassium, green is thorium 
and blue is uranium).
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responses in the west and east (Figure 6b). Figure 6c is the 
first vertical derivative (1VD) of the RTP TMI; it emphasises 
the high frequency content highlighting shallow anomalies 
within the subdued central region. Figure 6d shows the 
radiometric response for the survey.

Industry geophysical acquisition

Geophysical data acquired and submitted by the minerals 
and petroleum industry is a key resource. In 2015 the 
minerals industry reported over 25 000 line km of 
airborne magnetic data, almost 24 000 line km of airborne 
radiometric data and nearly 3000 line km of airborne 
electromagnetic data from a number of surveys acquired 
between late 2013 to early 2015. It is important that these 
data are available to users for re-evaluation as geophysical 
processing and interpretation techniques, and geoscientific 
understanding advance. 

To ensure that geophysical data can be fully accessed 
at a later stage, it is important that a logistics report is 
submitted with the data outlining processing and acquisition 
parameters; this requirement should be discussed with 
geophysical acquisition companies before committing to a 
survey. Final located data products should be requested in 
ASEG GDFII format in addition to any standard products. 
Any inverted data, for example conductivity depth images, 
should also be supplied in located format. If geophysical 
data is processed by a different company to the acquisition 
company, both acquisition and processed data should be 
supplied. For example, if gravity data is acquired by a 
contractor and reduction and Bouguer anomaly calculation 
are undertaken by a different contractor, both datasets 
should be received and submitted to Government. 

When submitting data to the Government, submit 
all products as listed in the logistics report; complete 
surveys should be submitted rather than survey subsets. 
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The complete survey will be held as a closed file until all 
tenements are released or the sunset clause is enacted. 
Surveys only need to be submitted once; subsequent reports 
can simply refer to that first submission. Simplifying 
geophysical data reporting will improve both the integrity 
and discoverability of geophysical data in the Northern 
Territory for all future users.
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Introduction

The Jervois Project lies 250 km northeast of Alice Springs 
in the Northern Territory and is owned 100% by KGL 
Resources Limited (KGL).  Access is via the Plenty Highway 
that passes within 15 km of the project, and then by the Lucy 
Creek Station Road.

Jervois is the largest base metal 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 KGL has increased by 59% to 
190 000 t since the 2014 estimate.  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. 

Increasing both size and the grade of the Jervois resource 
has been the primary objective of the exploration team; these 
efforts continue at Jervois on our known deposits and on 
prospects peripheral to the established resources. Various 
geophysical techniques in exploration targeting and resource 
extension have played a crucial role in achieving this success.

Base metal deposits give good geophysical responses 
and most methods have been employed at Jervois over the 
past 50 years, including: 

• airborne magnetics, radiometrics and electro-magnetics 
(AEM) at ever decreasing line spacing and flying height

• ground magnetics and the sub-audio magnetic (SAM) 
derived total field magnetometric resistivity (TFMMR), 
total field electromagnetics (TFEM), total field induced 
polarisation (TFIP)

• ground electromagnetics - fixed loop (FLEM) and 
moving loop (MLEM);

• down hole geophysics including electromagnetics 
(DHEM), magnetometric resistivity (DHMMR)

• magnetic susceptibility and specific gravity (SG) 
measurements from chips and core

• multiple IP arrays including only the second Orion 3DIP 
survey completed in Australia

• magneto tellurics (MT)
• regional gravity (2 km x 2 km) and the most recent 

100 m x 50 m microgravity survey.

Each of these geophysical surveys has added something 
to the geological understanding of the project area, 
although many of the earlier surveys have been repeated 
using modern, high resolution acquisition systems. Some 
have been instrumental in making new discoveries, others 
methods have helped unravel the structural and stratigraphic 
history, while at the same time creating conundrums for 
those geoscientists who enjoy trying to solve what is a very 
complicated puzzle.

Geology

Jervois is hosted by the Bonya Metamorphic Complex 
(Reno et al 2015) that forms part 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).  
Metasedimentary successions in the Aileron Province 
were deposited within the interval 1860 –1740 Ma, and 
the majority of the magmatism occurred in the interval 
1820 –1700 Ma (Scrimgeour 2013).  The Bonya Metamorphic 
Complex is a high-temperature, low-pressure package of 
metasedimentary rocks with protoliths interpreted to be 
equivalent to the lower Strangways Metamorphic Complex 
(Reno et al 2015).

At Jervois, the Bonya Metamorphic Complex is dominated 
by quartz-muscovite schist derived from metamorphosed 
siltstone and mudstone (Figure 1).  The schist is interbedded 
with fine to medium grained beds of meta-sandstone that 
typically vary in thickness from 1 cm to 30 cm but 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 cordierite and/or andalusite 
porphyroblasts that give the rock a knotted appearance.  Beds 
of marble and calc-silicate rock occur throughout the Jervois 
project area, but have poor strike continuity due to attenuated 
and boudinage during deformation.  Although minor in 
extent, narrow beds of finely bedded quartz-tourmaline 
and fine to 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 Metamorphic Complex 
is unconformably overlain by Neoproterozoic sediments 
of the Georgina Basin that forms a prominent ridge on the 
western edge of the project area.

Geophysical responses of Jervois mineralisation

Base metal mineralisation at Jervois is comprised of 
steeply dipping lenses of copper-silver and lead-zinc-silver 
sulfide that are stratabound within a 14 km trend along the 
‘J-shaped’ range.  The main deposits are Marshall-Reward 
and Bellbird, both copper-silver rich and hosted by quartzite 
and pelitic schist.  Green Parrot and Bellbird North are 
smaller lead-zinc rich deposits hosted by carbonate and 
calc-silicate rocks.  Between Marshall-Reward and Bellbird, 
there are several smaller satellite resources and prospects 
including Cox’s Find (copper), Rockface (copper), Rockhole 
(copper) and Killeen (zinc).  The largest deposit, Marshall-
Reward, is over 1 km long and up to 40 m wide, and has 
been drilled to a vertical depth of 800 m.

Most lithologies within the project area are highly 
electrically resistive providing good conductivity contrast to 
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sulfide mineralisation. However, the high resistance creates 
issues of high contact resistance for electrical surveys that 
require fast current turn-off times for EM surveys in order 
to record shallow conductivity anomalies.

The task of designing surveys that will optimally couple 
with, or accentuate the responses from mineralisation is 
assisted by the predictable strike and dip of bedding within 
the Jervois syncline. Modeling the measured responses is 
easier due to the stratabound nature of the mineralisation 
constraining the possible orientation of the anomalous 
response, resulting in a more accurate model and hence 
more accurate targeting of the response.

The steeply dipping orientation of the sedimentary 
package also enables shallow penetrating systems such as 
SAM and the higher frequency components of a ground 
magnetics system to register subtle differentiation between 
and within the lithologies. 

There are only minor thicknesses (typically 1–2 m) 
of regolith of transported cover and completely oxidised 
material at Jervois. This is an advantage for electrical 
methods where the current might otherwise channel within 
the conductive clays in the upper-part of the regolith profile. 

In the absence of a conductive regolith, the electrical 
currents can penetrate deeper and interact with the sulfide 
bearing minerals. 

The depth of the transition zone is variable, ranging from 
a few metres to tens of metres.  It is typically deeper over 
areas of high sulfide content and where there is significant 
shearing and faulting. The upper transitional zone is leached 
with corresponding supergene enrichment of copper in the 
lower transition zone.  Chalcopyrite has been altered to 
bornite and chalcocite with rare native copper, all of which 
are conductive.  Assaying of acid soluble copper within the 
transition zone has demonstrated that the sulfide content is 
typically around 50-55%. Consequently, even within the 
transition zone, a reasonably good IP chargeability response 
can be expected. 

In the copper-rich lenses, chalcopyrite is the main 
copper sulfide mineral, often associated with minor pyrite.  
Chalcopyrite can be disseminated, veined, semi-massive 
and massive over intervals of up to one metre.  When 
disseminated, the sulfide can follow bedding planes that 
coincide with the pervasive D2 foliation.  Remobilisation 
of the chalcopyrite into low pressure zones along fractures, 

Figure 1.  Jervois geological map.
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crenulations and folds is evident at various scales.  Sulfide 
mineralisation is more commonly disseminated than 
massive or semi-massive thus IP chargeability has been 
very effective at delineating areas of interest; however, the 
IP response can be difficult to differentiate between low 
and medium grade mineralisation even with the aid of the 
associated resistivity measurements. 

In 2000, MIM Exploration Pty Ltd conducted a large 
MIMDAS dipole-dipole IP survey (MIM Exploration’s 
proprietary ‘distributed acquisition system’) that included 
the Bellbird region, extending east to the Rockface Prospect.  
The Bellbird deposit produced a coincident chargeability/
conductivity anomaly; smaller point source anomalies were 
modelled at Rockface. A recent 3D inversion of historical 
IP data significantly improved the results.  However, many 
anomalies remained poorly defined due to the survey 
configuration and the changing strike of bedding that 
makes targeting difficult.  In 2015, KGL resurveyed the 
Bellbird area using the Orion 3DIP system which generates 
a 3D point cloud of data without the directional bias of the 
earlier IP surveys.  Strong chargeability anomalies were 
again identified at Bellbird. In addition, a strong coincident 
chargeability/conductivity anomaly was modelled below 
the small Rockface resource (Figure 2a, 2b).  Subsequent 
drilling of the Rockface anomaly intersected high-grade 
copper mineralisation in a massive magnetite-chalcopyrite 
rock. A hybrid array was designed and used for this 
survey, the first of its kind for the Orion 3DIP system, 
significantly reducing both the time and ultimately the cost 
of the survey.  Further research is now being conducted by 
Quantec Geoscience with the benefit of the Jervois data to 
investigate the potential to further reduce acquisition time 
with modified arrays and dipoles. 

The 3DIP survey was run during the day and in the 
evenings, a network of receivers were laid out to record 
both high and low frequency MT.  This MT data were 
acquired to help map the resistivity beyond the limited 
depth of investigation for the 3DIP survey (Figure 3a, 3b).  
This data resolved two significant conductors, the first 
coincident with the Bellbird deposit and likely reflecting a 
down dip extension; the second in the Chubko area that was 
completely unexpected. The exploration potential of this 
Chubko anomaly will be assessed further after the gravity 
survey has been completed.    

In 2011, Jinka Minerals conducted a SAM survey at 40 m 
line spacing over the mine sequence at Jervois, acquiring 
both ground TMI and TFMMR data. The TFMMR data, 
which relies on current channeling, proved very useful in 
differentiating between mineralised and unmineralised 
lithologies where the absolute difference in resistivity is 
small (Figure 4a).   These types of targets are not easily 
detected using time doman EM systems.  The SAM system 
employs a 50% duty cycle and the receiver records into 
the off cycle measuring a decaying response. Analysis of 
these data showed large coherent anomalies over both of 
the main deposits and many smaller anomalies that require 
field checking (Figure 4b). Initially this was thought to be 
an EM response but now now is considered more likely to 
be an IP response. A research program has commenced 
with Gap Geophysics Australia and University of British 

Columbia to see what additional information can be gained 
from this data.

Downhole EM has also been used extensively at 
Marshall-Reward where higher grade copper mineralisation 
(>1.5% Cu) has generated moderate to good conductivity 
responses. Grades lower than 1.5% typically give no 
conductivity response or, at best, a very weak response.  
There are no graphitic units or any significant conductors 
other than sulfide mineralisation and a good response is 
typically caused by high-grade copper or lead mineralisation. 
DHEM in hole RJ237 identified a large conductor below the 
existing Reward deposit that has yet to be tested.  After the 
good intersection at Rockface in hole KJCD171 (13 m at 
2.14% Cu, 12.5g/t Ag, 0.10g/t Au from 255 m and 2 m at 
2.83% Cu, 10.8g/t Ag, 0.05g/t Au from 278 m), a DHEM 
survey was conducted and identified two strong conductors 
extending down dip to 300 m below the existing resource 
(Figure 5).  

Fixed loop EM data was acquired at the Marshall-Reward 
resource by KGL in 2014.  Weak anomalies coincide with 
the known lodes at Reward and Green Parrot although the 
anomalies are discontinuous with the breaks likely caused 
by zones of lower grade mineralisation.

Proximal alteration assemblages at Marshall-Reward 
and Bellbird commonly include magnetite and garnet. 
End members of the proximal alteration assemblage are 
garnetite and massive magnetite-ironstone. The biotite-
chlorite-magnetite-garnet alteration gradually diminishes 
with increasing distance from the sulfide lenses but can 
extend for up to 50 m. 

Magnetite alteration is associated with a strong, 
2 km-wide magnetic response in total magnetic intensity 
(TMI) images that defines the shape of the J-Fold (Figure 6).  
Mineralised trends within the Jervois Range have well 
defined linear magnetic anomalies in TMI 1VD images.  
At Marshall-Reward, the anomaly is 50 m wide and 2.1 km 
long with the ends terminating against faults.  Although 
Marshall-Reward has a good magnetic response, not all 
linear magnetic anomalies are caused by mineralisation. 
The association with magnetite has meant that magnetic 
surveys at a prospect scale have been useful in identifying 
extensions to mineralisation; in the case of Rocky Road, 
the surveys have provided additional targets within the 
prospective stratigraphy. 

Magnetite and garnet-altered rocks proximal to 
mineralisation are significantly denser than the unaltered 
country rocks and constitute a good gravity target.  Addition 
of high density sulfide minerals makes the gravity response 
potentially larger. Mineralisation recently intercepted 
at Rockface comprised massive magnetite-chalcopyrite 
mineralisation (KJCD171) with an average specific gravity 
(SG) of 4.3.  This compares with a typical SG of 3.1 for the 
more disseminated Bellbird mineralisation and 2.9 for adjacent 
metasedimentary rocks.  High-grade copper mineralisation 
intercepted at Reward in RJ169 (72 m at 3.3% Cu, 51.2 g/t Ag, 
1.16 g/t Au from 414 m) had an average SG of 3.4. 

The lead-zinc rich lenses are hosted by carbonate 
rocks that have been altered to calc-silicate and a skarnoid 
assemblage.  Sphalerite and galena are the dominant sulfides 
that range from disseminated to high-grade massive lodes.  
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Figure 2. (a) Orion 3D-IP 
Chargeability 100 mRL depth 
slice. (b) Orion 3D-IP Resistivity 
100 mRL depth slice.

a

b
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Figure 3. (a) Magneto Telluric Resistivity -100 mRL depth slice. (b) Magneto Telluric Resistivity -500 mRL depth slice.

Figure 4. (a) SAM TFMMR. (b) SAM TFMMIP.

a b

a b
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Figure 6.  TMI 1VD of airborne magnetics.

Figure 5.  Rockface DHEM modelled conductive plates.



55

AGES 2016 Proceedings, NT Geological Survey

Chalcopyrite can occur with sphalerite and galena, but in 
most cases it has a low ratio by volume.  Accessory sulfides 
are varied with pyrite, pyrrhotite, covellite, tennantite, 
molybdenite and bournantite recorded.

Green Parrot was the first calc-silicate hosted lead-zinc 
deposit to be discovered and subsequently mined briefly, 
by Plenty River Mining in 1982, with Bellbird North 
discovered later by step out drilling north of Bellbird.  At 
Bellbird North, zinc dominates rather than lead unlike that 
at Green Parrot.  The copper and lead-zinc rich resources 
were initially considered to be spatially separated until 
2013 when a high-grade lens of lead-zinc mineralisation 
was discovered in the footwall of Marshall-Reward, only 
a few metres from the copper resource (KJCD048 18 m @  
0.88% Cu, 19.63% Pb, 3.77% Zn, 732.3g/t Ag, 0.61g/t Au 
from 287 m and 57 m @ 0.51% Cu, 0.46% Pb, 1.62% Zn, 
42.7g/t Ag from 230 m).  Airborne EM data acquired over 
Jervois by Poseidon Exploration Limited in 1991 identified 
a short strike length conductor at Reward that was initially 
interpreted to be caused by mine infrastructure because 
the rest of the Reward resource was not conductive.  It was 
only in 2013 when a lens of massive lead-zinc sulfide was 
discovered at depth in KJCD048 that the actual source of 
the conductor was correctly interpreted.  

Future exploration

There remains much to be done to fully integrate all of 
the geophysical, geological and geochemical information 
that has been acquired at Jervois.  This process has started 
with the revised bedrock geology plan and 3D geological 
model, both important initiatives.  The recently completed 
gravity survey may cause us to re-evaluate or possibly 
confirm some of our assumptions.  It also has the potential 
to highlight new targets or reprioritise existing targets. As 
a geoscientist, it is always exciting to have new data in any 
form as ultimately we want to know that we have identified 
all the existing economic mineralisation. However, it is 

always worthwhile revisiting historic datasets with the 
benefit of new knowledge to test previous interpretations. 

The drilling program that commenced in February 2016 
has a number of objectives, including:

• upgrading shallower mineralisation at Green Parrot
• testing the DHEM conductors at Rockface
• testing the magnetic anomaly at Rocky Road
• testing numerous soil and RAB anomalies, many of 

which were initially targeted with the help of geophysics, 
particularly in the areas of transported and younger 
cover.

The application of geophysical methods has and will 
continue to play a crucial role in the exploration, discovery 
and delineation of mineral deposits at Jervois as the project 
is progressed towards its full potential to be developed into 
a major polymetallic mine.
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Introduction

The geological evolution and metallogenic potential of the 
eastern Arunta Region has been a focus of the Northern 
Territory Geological Survey’s (NTGS) regional mapping 
program since the early 2000s. Since 2013, detailed 
geological mapping of the Jervois range, Jinka and Dneiper4 
map areas (Figure 1) carried out under the Creating 
Opportunities for Resource Exploration (CORE) initiative 

has led to a revised model for the geological evolution 
of this part of the eastern Arunta Region. In parallel, 
detailed studies on copper, tungsten, and polymetallic 
base metal mineralisation focus on constraining the timing 
of mineralisation and its genetic relationship to host 
stratigraphy, deformation, and metamorphism (McGloin 
and Weisheit, 2015; McGloin et al 2016). 

In light of this new work, this abstract presents a 
new understanding of the tectonothermal history of the 
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Figure 1. Schematic interpreted geological-tectonic map of part of the Arunta Region including the Palaeoproterozoic Aileron Province 
and the Neoproterozoic to Palaeozoic Irindina Province. The Arunta Region is unconformably overlain by Neoproterozoic to Palaeozoic 
sedimentary rocks of the Georgina and Amadeus basins. A network of west-northwest trending shear zones caused the juxtaposition of 
the provinces during the ca 450–300 Ma Alice Springs Orogeny (Collins and Teyssier, 1989); DSZ = Delny Shear Zone, EPSZ = Entire 
Point Shear Zone, FMSZ = Florence-Muller Shear Zone, ISZ = Illogwa Shear Zone, BSZ = Basil Shear Zone. The location of the study 
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HUCKITTA (Figure 1) area with focus on the structural 
evolution. Due to the lack of continuous outcrop in this 
highly weathered area, the regional structural interpretation 
presented herein integrates field structural data collected by 
NTGS geologists with airborne magnetic and gravity data.

Regional geology

The Arunta Region in central Australia preserves evidence 
of a complex polytectonic and polydepositional history 
that spans ca 1.5 billion years from the Palaeoproterozoic 
through to the Palaeozoic. In HUCKITTA and western 
TOBERMOREY, the Palaeoproterozoic Aileron Province 
comprises a supracrustal succession that has been subjected 
to regional high-thermal-gradient metamorphism, 
deformation, and various episodes of related felsic and mafic 
magmatism between ca 1810 and 1690 Ma (eg Scrimgeour 
2013, and referenced therein; Figure 1). 

The weakly folded and unmetamorphosed Georgina 
Basin unconformably overlies the northeastern margin of 
the Aileron Province; it records evidence for widespread 
deposition beginning in the Neoproterozoic (Kruse et al 
2013, and references therein).  The Irindina Province, an 
age-equivalent supracrustal succession to the Georgina 
Basin, experienced metamorphism up to granulite facies 
during the ca 480–460 Ma Larapinta Event (eg Buick 
et al 2001, 2005). The juxtaposition of the Aileron and 
Irindina provinces and the Georgina Basin along major 
fault and shear zones occurred during the Ordovician to 
Carboniferous Alice Springs Orogeny between ca 450 and 
300 Ma (eg Scrimgeour 2013, and referenced therein).

Tectonothermal evolution

Palaeoproterozoic

The oldest rocks exposed in Jervois range and Jinka 
are the Bonya Metamorphics, a sequence of clastic and 
chemical metasedimentary rocks comprising various meta-
mudstones, meta-sandstones, marbles, and calc-silicate 
rocks. They are interpreted to have been deposited in a 
high-thermal-gradient, extensional back-arc environment 
active until ca 1790–1780 Ma (Reno et al 2015). 

The Bonya Metamorphics were intruded by syn-
depositional, bimodal igneous units that outcrop in Jervois 
range, including: the Attutra Metagabbro, King’s Legend 
Amphibolite, and related mafic dykes; 10s–100s m thick 
layers of felsic Mascotte Gneiss (Reno et al 2015); and 
volumetrically minor occurrences of meta-(sub)-volcanic 
rock (McGloin et al 2016). In Jervois range and south in 
ILLOGWA CREEK, ca 1780–1770 Ma I-type granitoids 
are locally calc-alkaline or are characterised by a high-
Al, high-Sr, low-Ti geochemical signature; they have been 
interpreted to have been derived from the fractionation of 
arc-type magmas and/or partial melting of pre-existing 
intrusions which were emplaced in an arc setting (Zhao and 
McCulloch 1995). In Jervois range, the influx of mafic and 
felsic magma into the active sedimentary basin between ca 
1790 and 1780 Ma (Reno et al 2015) provided a heat source 
that initiated regional high-thermal-gradient metamorphism 

and fluid flow (Figure 2a). These events are interpreted 
to be contemporaneous with syngenetic base metal 
mineralisation at the Jervois mineral field (Figure 1). This 
stratabound mineralisation is sediment-hosted but spatially 
and temporally associated with the bimodal igneous rocks 
(McGloin and Weisheit 2015; McGloin et al 2016). 

The rocks observed in Jervois range remained at 
temperatures 50–100 °C below the solidus during high-
thermal-gradient metamorphism in the Palaeoproterozoic, 
whereas evidence of partial melting is observed in meta-
sedimentary and meta-igneous rocks to the west in Jinka 
and Dneiper, and in ALCOOTA (Beyer et al in prep; 
Figure 1). Partial melt derived during super-solidus 
metamorphism between ca 1780 and 1730 Ma is interpreted 
to have accumulated to form felsic igneous bodies observed 
throughout the area, for example the Jinka and Marshall 
granites (Reno et al 2015). 

The extensive high-temperature metamorphism and 
continuing igneous intrusion resulted in crustal-scale 
thermal weakening, progressive regional deformation, and 
subsequent strain localisation in the study area (Figure 1). 
The main structure in HUCKITTA is the east-west trending, 
sub-vertical to south-dipping Delny Shear Zone (Figure 
1, 3a). Co-planar, granulite-facies proto-mylonites and 
mylonites in the eastern Delny Shear Zone in Jervois range 
evidence a dominant dip-slip, south side-down movement. 
Monazite interpreted to have grown within the proto-
mylonite fabric yielded a 207Pb/206Pb age of 1759 ± 13 Ma (2σ; 
Reno et al 2016; Figure 3a). This age is within uncertainty 
of a 207Pb/206Pb monazite age obtained from monazite aligned 
within the main foliation of cordierite–biotite schists close 
to the north-northeast-trending Jervois Fault zone in central 
Jervois range (1757 ± 9 Ma, 2σ; Reno et al 2016; Figure 3a). 

Deformation of this cordierite–biotite schist occurred 
during the regional progressive D2 event that is interpreted 
to have formed the main foliation S2 in all meta-sedimentary 
and most magmatic rocks of the Aileron Province in Jervois 
range (McGloin and Weisheit 2015; Weisheit et al 2015). 
The steep to sub-vertical S2 foliation and cm- to m-scale 
shear zones formed axial planar to asymmetric, cm- to 
km-scale, isoclinal shear folds (Figure 2b) with shallowly 
to moderately plunging fold axes and a steep stretching 
lineation, indicating extension in sub-vertical direction. 
Nearly-co-planar cm- to km-scale asymmetric shear-folds 
with moderately to steeply plunging fold axes overprinted 
D2 structures during a regional D3 event in Jervois range. 
Sub-vertical extension and strain localisation during the 
progressive D3 event likely led to the formation of the steeply 
east-southeast-dipping Jervois Fault zone (Figure 3a). 
Normal dextral movement along this structure resulted 
in 10 km-scale drag folds with steeply-plunging axes in 
the footwall (Bonya area) and hanging wall (“J-Fold”, see 
McGloin and Weisheit 2015) of the Jervois Fault zone. 

An overprinting of S2 fabric in the Jervois Fault zone 
observed in outcrop- and thin section-scale resulted in 
fabric rotation and intrafolial folds cut by an S3 shear fabric 
(Figure 2c). This shear fabric does not continue into the 
overlying Georgina Basin; shearing therefore pre-dates the 
basin’s deposition. The similarity in style and only slight 
variation in orientation and scale of D2 and D3 structures are 
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interpreted to result from a single progressive deformation 
event during minor changes in the direction of an extensional 
stress field. Based on this structural interpretation that D2– D3 
are progressive, the aforementioned monazite age from S2-
foliated cordierite–biotite schist provides a maximum age 
constraint on this progressive event that eventually resulted 
in initiation of the Jervois Fault zone. This interpretation 
will be tested by dating monazite in S3 shear fabric in a 
sample from the Jervois Fault zone. 

During a progressive D2–D3 deformation in Jervois range, 
the normal movement in the eastern Delny Shear Zone in 
this area would have occurred contemporaneously with the 
normal movement along the Jervois Fault zone, suggesting at 

least in Jervois range, an extensional stress field at that time. 
Additionally, cross-cutting relationships between the north-
northeast trending Jervois Fault zone and the north-northwest 
trending Charlotte, Bonya, and Lucy Creek Fault zones 
suggest contemporaneous movement along these structures 
(Figure 3a). The geometric relationship between the eastern 
extension of the Delny Shear Zone and the Jervois, Bonya, 
Charlotte, and Lucy Creek Fault zones is typical of a primary 
fault with high-angle Riedel and splay faults (Ramsay and 
Huber, 1987 and referenced therein; Figure 3a).

The initiation of the primary and secondary fault and shear 
zones in an extensional setting brought the Palaeoproterozoic 
rocks in the hanging walls to peak-pressure conditions after 

Figure 2. (a) Schematic pressure–temperature metamorphic evolution of Aileron Province rocks in Jervois range during the 
Palaeoproterozoic. This long-lasting sub-solidus metamorphic cycle can be directly linked to progressive deformation of meta-
sedimentary and meta-igneous rocks in the study area. Burial, thermal weakening due to magmatism, and strain localisation are the 
main driving forces of this counter-clockwise pressure–temperature path. (b) Outcrop photo taken of quartzitic meta-sedimentary 
rocks in the Jervois mineral field (see Figure 1). The S0/1 foliation is folded into vertical shear folds with sub-horizontal to shallowly 
plunging fold axes. A schistose to gneissic S2 foliation and cm- to m-scale shear zones developed axial planar, indicating southeast-down 
movement. (c) Photomicrograph of a sample taken from the Jervois Fault zone close to the contact with the overlying Georgina Basin. 
The muscovite±biotite S2 foliation is overprinted by a biotite–muscovite–quartz S3 shear fabric indicating southeast-down along the 
north-northeast trending Jervois Fault zone. 
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ca 1750 Ma (Reno et al 2016). The cessation of regional 
deformation and cooling of the regional system below solidus 
temperatures resulted in the crystallisation of undeformed 
granites and pegmatites, including the Jinka Granite in Jinka 
between ca 1730 and 1710 Ma. Crustal fluid flow initiated by 
magmatic crystallisation and metasomatism was focused in 

the regional and local foliation and fold structures, leading 
to the formation of epigenetic Cu and W mineralisation 
(eg Bonya Cu deposit, Jericho W prospect, Molyhil W-Mo 
deposit; Figure 1), as well as extensive alteration, and 
brecciation zones (McGloin and Weisheit, 2015; McGloin 
et al 2016).

aa

b c

A16-053.ai

Figure 3. (a) Tilt derivative of the total magnetic intensity image overlain by colour coded interpreted geological-geophysical domains 
(numbers) of the study area in the eastern Arunta Region (Figure 1). Major and minor faults and shear zones (letters) and their interpreted 
sense of movement during the Palaeoproterozoic (green) and the Palaeozoic (black) are shown. The locations of key samples targeted for 
monazite geochronology are highlighted, and the geometric relationship of primary and secondary faults and shear zones is sketched. (b) 
Outcrop photo of an asymmetrically folded mylonitic Smylo1 rock in the Delny Shear Zone in Jinka. A mylonitic axial planar foliation Smylo2 
developed only locally in this fold, but forms m- to 100 m-scale anastomosing shear zones elsewhere in this area. Pen points towards north. 
(c) Outcrop photo of dm-scale sheath fold structures in anastomosing Smylo2 mylonites in the Delny Shear Zone on Jinka. Sheath folds are 
structures commonly found in high strain zones. Pen points towards north.
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The ca 1790–1700 Ma metamorphism in the study area 
is interpreted to follow a counter-clockwise pressure–
temperature path beginning with 1) burial and syn-
depositional magmatism in a high-thermal-gradient 
setting between ca 1790 and 1780 Ma; followed by 2) peak-
temperature conditions due to intrusions of lower crustal 
melt at ca 1780–1770 Ma, combined with continued 
radiogenic heat production; 3) increasing pressure at high-
temperature conditions in the hanging walls of normal shear 
zones at ca 1760–1740 Ma; and 4) slow cooling and melt 
crystallisation starting at ca 1730 Ma and continuing until 
at least ca 1700 Ma (Figure 2a). 

This new interpretation of the late Palaeoproterozoic 
evolution of the Aileron Province rocks in the study area 
(Figure 1) differs from existing models that propose a 
number of discrete tectonothermal events (eg Scrimgeour 
2013 and references therein; Reno et al 2015). Discrete 
events previously interpreted to have affected the eastern 
Aileron Province (eg Stafford, Yambah, Strangways) are 
interpreted here to represent a single ca 100 my counter-
clockwise pressure–temperature evolution. 

Neoproterozoic and Palaeozoic

Secondary shear zones that likely initiated during the 
Palaeoproterozoic were multiply reactivated during 
Neoproterozoic and Palaeozoic regional stress regimes. 
North-northwest trending faults such as the Lucy 
Creek and Bonya faults (Figure 3a) were active in a 
Neoproterozoic extensional regime as normal faults in 
half graben settings, leading to the deposition of the basal 
successions of the Georgina Basin (Greene 2010). The 
Georgina Basin sedimentary rocks unconformably overlie 
the Aileron Province, demonstrating that the basement 

Figure 4. (a) Section of the migrated Georgina Basin – Arunta Region deep seismic reflection line 09GA-GA1 shot in 2009 (image from 
Geoscience Australia). Location of the line is shown in Figure 1. The seismic interpretation is based on Korsch et al 2011, and reveals 
a crustal-scale flower structure with positive and negative characteristics. The Irindina Province rocks in the core of this structure are 
overprinted by wide-spread shear folding that likely occurred during high-grade metamorphism at ca 480–460 Ma (Buick et al 2001). 
Latest movement on the primary shear zones (black arrows) occurred during the Alice Springs Orogeny at ca 450–300 Ma (Scrimgeour 
and Raith 2001). (b) Outcrop photo of layered meta-sedimentary rock in the Irindina Province in Jinka. Shear fold structures indicate 
progressive deformation in an extensional setting.

rocks in HUCKITTA were exposed at the surface by the 
Neoproterozoic. 

The Irindina Province, south of the Entire Point 
Shear Zone (Figure 1, 3a), experienced granulite facies 
metamorphism and melt crystallisation at ca 480 and 
ca 460 Ma, respectively (eg Buick et al 2001). Progressive 
simple shear folding and stretching structures (Figure 4b) 
indicate an extensional setting at this time that resulted in the 
deep burial of the Irindina Province rocks. An extensional 
setting is supported by the voluminous, rift-related tholeiitic 
Riddock Amphibolite which was emplaced throughout the 
Irindina Province during the Cambrian (Whelan et al 2010). 
Deep seismic reflection survey 09GA-GA1 shows that the 
Irindina Province is bound by the Entire Point Shear Zone 
in the north and the Basil Fault in the south and sits in the 
core of a crustal-scale flower structure (Ramsay and Huber, 
1987 and references therein) that extends for ~ 80 km 
south of the Entire Point and Delny shear zones (Korsch 
et al 2011; Figure 4a). Normal movement (transtensional, 
negative flower) along the primary shear zones of this flower 
structure (Illogwa Shear Zone, Basil Fault, Entire Point 
Shear Zone and Delny Shear Zone; Figure 4a) is likely 
to be responsible for the high-grade metamorphism in the 
Irindina Province at ca 480–460 Ma.

Shear structures, such as shear bands and mantled 
porphyroclasts observed in mylonites (Smylo2) in the Delny 
Shear Zone in HUCKITTA, indicate a phase of reverse 
movement overprinting previous proto-mylonitic to 
mylonitic (Smylo1) structures (Figure 3b). At the eastern 
Delny Shear Zone in Jervois range, reverse movement 
is restricted to mylonitic quartz veins that formed sub-
parallel to the 1759 ± 13 Ma proto-mylonites and mylonites 
in this area (see above; Reno et al 2016). In contrast, the 
Delny Shear Zone in Jinka and Dneiper is characterised 
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by anastomosing amphibolite and greenschist facies 
proto-mylonites and mylonites that record progressive 
deformation structures, including several generations 
of asymmetric folds, rotation of fold axes, sheath folds 
(Figure 3c), and strain localisation, resulting in cm-
km sized boudins that preserve older proto-mylonitic to 
mylonitic structures (Figure 3b). The overall sense of 
shear in the Delny and Entire Point shear zones in Jinka 
and Dneiper during the Palaeozoic is interpreted to be 
sinistral, with south-side-up, reverse movement. 

Monazite that formed in a mylonitic fabric of a sample 
from the anastomosing part of the Entire Point Shear Zone 
preserves an U–Pb concordia age of 445 ± 5 Ma (2σ), 
interpreted to record the initiation of the ca 450–300 Ma 
Alice Springs Orogeny (Scrimgeour and Raith 2001; 
Figure 3a). It remains to be tested whether evidence for 
Palaeoproterozoic movement is preserved in the proto-
mylonitic to mylonitic boudins in this part of the Delny and 
Entire Point shear zones. Regional sinistral transpression 
and wrenching during the Alice Springs Orogeny (Collins 
and Teyssier 1989; Teasdale and Pryor 2002) reactivated the 
crustal-scale negative flower structure; reverse movement 
along the primary shear zones (Figure 4a) resulted in the 
juxtaposition of high-grade Irindina Province rocks with the 
Aileron Province. Contemporaneously, the reactivation of 
most Neoproterozoic graben faults and the Jervois Fault zone 
as reverse faults caused minor folding and brecciation in the 
unmetamorphosed Georgina Basin and brittle juxtaposition 
with the Aileron Province. Fault and shear zone activity 
during the Alice Springs Orogeny has characteristics of a 
primary regional shear system accompanied by Riedel and 
splay faults, that is here interpreted to have been initiated in 
the Palaeoproterozoic (Figure 3a).

 Conclusion

Interpretation of field observations and structural 
and geophysical data sets coupled with new monazite 
geochronology and pressure–temperature estimates 
suggests major east, north-northeast, and north-northwest 
trending extensional structures in the study area could 
have developed during a long-lasting Palaeoproterozoic 
metamorphic cycle. Progressive deformation and the 
activity along the shear zones influenced the counter-
clockwise metamorphic path of the basement rocks in the 
hanging walls of the primary and secondary structures. 
Most shear zones were reactivated as brittle faults during 
Neoproterozoic and Ordovician extension, and again in 
ductile and brittle regimes during compression in the Alice 
Springs Orogeny. This indicates repeated strain localisation 
at pre-existing zones of weakness during this long-lasting, 
ca 1.5 billion year evolution of this part of the central 
Australian crust.
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The Palaeoproterozoic Aileron Province hosts many 
different examples of copper-related mineralisation (eg the 
Jervois mineral field, Home of Bullion, the Mount Hardy 
copper field, Perenti, and copper prospects in the Bonya 
Hills, Jinka Plain, Strangways Ranges, and ILLOGWA 
CREEK9 areas; Figure 1, Table 1). There appears to be 
a spectrum of different copper-related mineralisation 
styles; however, scientific understanding of the geologic 
processes and the controls on the location and genesis of 
mineralisation has been poorly understood. Moreover, 
potential temporal and genetic links between each copper 
mineral system and larger regional tectonic processes and 
geologic events are not well constrained. Yet, the ability 
to recognise the fertility and potential of a particular 
terrain for copper and base metal mineralisation before 
commencing costly field work is critical to conducting 
efficient and successful mineral exploration programs. 

This extended abstract reports new geochemical, 
petrological, isotopic, structural and geochronological 
results from selected copper-endowed mineral systems in 
the Aileron Province. The results demonstrate temporal 
and genetic differences between copper mineralisation 
in different areas and show that there are a range of 

syngenetic and epigenetic mineralisation styles. Broadly, 
this mineralisation can be related to an evolving active 
plate margin and associated basin formation, magmatism 
and high-T, low-P metamorphism between ca 1.82 and at 
least 1.7 Ga. Regional mafic and felsic intrusive bodies 
that formed from ca 1.82 Ga onwards were likely to have 
been critical in sourcing copper and driving hydrothermal 
fluid-related mineralisation. These intrusions also provided 
a potential passive source for metallogenic inheritance 
during subsequent periods of metamorphism, deformation 
and magmatism. 

Summary of current knowledge and new observations 
and analyses

Syngenetic mineralisation in the Jervois mineral field

NTGS research on the Jervois deposits indicated that the 
massive sulfide mineralisation is syngenetic, sediment-
hosted and volcanic-associated and formed at ca 1790 Ma 
(McGloin and Weisheit 2015, Reno et al 2015, Weisheit 
et al 2016). During 2015, NTGS research focused on some 
key unknown aspects of this mineralisation such as the 
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Figure 1. Location of selected Aileron Province copper-related mineralisation discussed in this abstract (adapted from Whelan et al 2013). 
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paleoenvironment, timing of mineralisation and potential 
applications for regional exploration. This research 
included: 

• whole rock geochemistry and B isotope systematics of 
syngenetic tourmalinites associated with mineralisation

• the chemistry of mineralisation-related garnets
• an assessment of the potential existence and significance 

of metavolcanics in the lode rock stratigraphy
• robust determination of the crystallisation age for 

pegmatites that intrude base metal mineralisation. 

Tourmalinite was sampled from two locations near the 
Reward deposit and a location near to both the Bellbird 
deposit and the Cox’s Find prospect (Figure 2a-b). A 
quartz-tourmaline vein that cross-cuts earlier tourmalinite 
at the second locality was also analysed.  Tourmaline 
was analysed for major elements by electron microprobe 
and for boron isotope chemistry by SIMS (secondary ion 
mass spectrometry). The preliminary results indicate all 
tourmaline sampled has Fe-rich chemistry (Figure 2c). 
Most significantly, this tourmaline yields extremely light 
∂11B isotopic signatures indicating either continental 
evaporite or granite-derived fluid sources (Figure 2d-e). 

Garnets from the lode sequence at the Reward deposit 
formed when syngenetic mineralisation and host rocks were 
metamorphosed. Regional metamorphism was recently 
Pb-Pb monazite dated at ca 1757 ± 9 Ma10 (Reno et al in 

prep). These garnets were microprobed revealing elevated 
though variable Mn-rich chemistry (Figure 3) with some 
garnets also containing ≤ 500 ppm Zn.  

Previous attempts at dating pegmatite crystallisation 
ages at the Reward and Green Parrot deposits yielded 
non-useable metamict zircon data and imprecise Pb-Pb 
apatite ages (eg McGloin and Weisheit 2015). New Pb-Pb 
columbite ages from the same Reward pegmatites suggest 
crystallisation ages of 1749 ± 6 and 1742 ± 6 Ma, post-dating 
peak-metamorphism in Jervois Range after ca 1755 Ma 
(Weisheit et al 2016). 

Although felsic igneous rocks are known in the Bonya 
Metamorphics regionally (Reno et al 2015), there has been 
considerable debate as to the existence and significance of 
metavolcanics near and within the lode sequence at Jervois 
where quartz-sericite schists are interpreted as derived from 
volcanic rocks (see Thom 2004, McGloin and Weisheit 2015). 
The highly altered, deformed and metamorphosed nature of 
the Jervois lode sequence makes protolith discrimination 
extremely difficult. As such, qualitative observations alone 
are notoriously unreliable in determining the protolith of 
polydeformed and metamorphosed felsic rocks (Gower 
1997). To unravel this problem, several outcrops of potential 
meta-volcanic rocks in the J-fold, as well as outcrops 
in the northeast of the Jervois mineral field and near 

10 All geochronological ages were acquired employing the 
LA-ICPMS U-Pb zircon technique unless otherwise stated.

Table 1. Summary of selected areas of copper mineralisation in the Aileron Province.

Cu mineralised 
region

Example deposit/ 
prospects

Metal assemblage and grade/
tonnage/ or best drill intercept 

Earliest (or maximum) 
age and timing of 
mineralisation

Proposed classification

Jervois mineral 
field

Reward, Bellbird Cu-Ag(Pb-Zn)Fe
26.7 Mt at 1.12% Cu, 16.6 g/t 
Ag;  Pb-Zn resource of 3.8 Mt 
at 3.7% Pb, 1.2% Zn, 0.72% Cu, 
67.5 g/t Ag.

ca 1790 Ma; syngenetic metamorphosed, sediment-hosted, 
volcanic-associated massive sulfide 
mineralisation

Bonya Hills Bonya, 
Marrakesh,
Molyhil
Jericho

Cu-W-Fe
Bonya best intersection:
38 m @ 4.4% Cu
Molyhil: 4.71 Mt at 0.28% WO3 
and 0.13% Mo, minor Cu
Jericho: 600 t/vertical metre, up 
to 1% WO3; 40 m x 5 m; small 
opencut mine

ca 1725 Ma; epigenetic Granite and pegmatite-related 
secondary vein and skarn

Jinka Plain Oorabra Reefs 
Fluorite veins A-G

F, Fe, Cu, Ba 
375 920 t @ 39.6% CaF2 
≤ 500 ppm Cu

< ca 1720 Ma; epigenetic Granite-hosted, unknown vein and 
breccia related

West Huckitta Perenti Cu, Fe, F
7 m at 0.56 % Cu

< ca 1810 Ma; epigenetic Granite-hosted, unknown vein and 
breccia related

Illogwa Creek Austin Cu, F
Austin: 3 m @ 0.18% Cu

< ca 1750 Ma; epigenetic Granite-hosted, unknown vein and 
breccia related

Barrow Creek Home of Bullion Cu-Zn-Pb-Ag-Au
2.5 Mt @ 1.8% Cu, 2% Zn,  
36 g/t Ag, 1.2 % Pb, 0.14 g/t Au 
at 0.5% Cu cut-off

ca 1825 Ma; syngenetic metamorphosed, volcanic-associated 
sediment-hosted massive sulfide 
mineralisation

Mount Hardy Mt Hardy, Browns, 
Clarke, 
Rock Hill

Cu(Pb, Zn)
Mount Hardy:
12 m @ 0.65% Cu, 0.39% Pb 
and 0.87% Zn

ca 1825–1800 Ma; 
epigenetic

metamorphosed, pegmatite and granite 
vein related

Strangways Ranges Coles Hills,
Edwards Creek

Zn-Pb-(Cu)
Coles Hill :13.35 m @ 3.3% Zn, 
0.5% Pb

ca 1800 Ma; syngenetic metamorphosed volcanic-hosted 
massive sulfide mineralisation
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Figure 2. Tourmaline observations, geochemistry and boron isotope data from the Jervois mineral field and Bonya Hills. (a) typical 
stratiform though foliated tourmalinite near the Cox’s Find prospect at Jervois. (b) photomicrograph of the same tourmalinite showing 
banded layers of tourmaline and quartz. (c) ternary Na2O-MgO-FeO elemental oxide weight percentage plot for tourmalinite and quartz-
tourmaline veins in the Jervois mineral field and Jericho W prospect. (d) histogram of boron isotope data for two tourmalinites from the 
Jervois J-fold: a quartz-tourmaline (Qtz-Tur) vein from near Cox’s Find prospect and a quartz-tourmaline vein from the Jericho W prospect 
in the Bonya Hills. (e) measured boron isotope composition as a function of host rock type and inferred B sources plotted with 4 samples 
from this study. Maximum internal precision errors = 0.15 ‰. MORB = mid-ocean ridge basalt; adapted from Marschall and Jiang (2011). 
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Hamburger Hill prospect (3 km east of the Reward deposit) 
were visited. Zircon geochronology, whole rock petrology 
and geochemistry were performed on the new samples. 
Historical samples were re-assessed where necessary for 
felsic igneous protoliths. The following observations were 
made:

• Historical petrological observation of bi-pyramidal 
phenocrysts within quartz sericite schist have been 
interpreted as evidence for metavolcanics (Peters et al 
1985). Generally this quartz-sericite schist is stratiform 
and cross-cuts (on the map-scale) the metasedimentary 
sequence of the Bonya Metamorphics (Reno et al 2015). 
The location of the outcrops described in Peters et al 
(1985) are not specified and could not be independently 
verified.

• Metamorphosed and deformed quartz-sericite schist 
was sampled from a fluorite-bearing pit in the south 
of the J-fold near Bellbird. This rock was previously 
interpreted as rhyolite (Thom 2004); however the 
protolith cannot be conclusively determined given that 
this deformed and re-crystallised sample has ambiguous 
chemistry and petrology, consistent with either a granite-
derived volcaniclastic sediment or a felsic igneous rock. 
The highly metamict zircons are very discordant and 
show Pb loss and common Pb contamination; they could 
not provide any robust age constraints. If the zircons are 
detrital, the observation of some euhedral igneous zircon 
grains with concentric oscillatory zoning indicates 
that these zircons have undergone little transport from 
their original source. However, the majority of zircons 
are highly metamorphosed making this assessment 
uncertain. 

• A quartz-rich outcrop near the Rockface prospect has 
granite chemistry and contained bi-pyramidal quartz 

confirming a (sub)volcanic protolith despite field 
interpretation as a quartzite. The analysed zircons 
contain common Pb and show Pb loss and fail to 
constrain a robust crystallisation age. 

• A historic sample of quartzofeldspathic rock from north 
of Hamburger Hill previously interpreted as Bonya 
Schist (now named Bonya Metamorphics) yielded 
a SHRIMP zircon upper intercept discordia age of 
1807 ± 17 Ma interpreted to record maximum deposition 
of a sedimentary protolith (Claoué-Long and Hoatson 
2005). A reassessment of this sample in the context of 
field relationships, and new geochemical, petrologic, 
and chronologic data indicates the sample is instead a 
deformed meta-felsic igneous rock. Zircons from a new 
sample taken from the same locality yield a 207Pb/206Pb 
SHRIMP age of 1778 ± 6 Ma (2σ; Kositcin et al in prep) 
interpreted to record timing of crystallisation of the 
igneous protolith. It remains inconclusive whether the 
igneous protolith was intrusive or extrusive. 

• A gneiss from Hamburger Hill, tentatively interpreted 
in the field as a metavolcanic rock, contains fine-grained 
garnet and mineralogy typical of a metapelite with no 
evidence for igneous textures or protolith; this suggests 
a metasedimentary origin. All zircons showed evidence 
for common Pb contamination and Pb loss. The resultant 
Pb-Pb isochron produced an upper intercept age of 
1679 ± 100 Ma interpreted to represent metamorphic 
disturbance. 

• Another gneissic sample from Hamburger Hill 
was dated after removing zircons with Pb loss and 
common Pb inheritance. The oldest undisturbed zircon 
population is unimodal and produced a Pb-Pb isochron 
upper intercept age of 1822 ± 9 Ma. The gneiss probably 
had a meta(sub)volcanic protolith although the protolith 
cannot be constrained beyond doubt. 

In summary, these new observations and analyses 
confirm that there are some small bands of felsic igneous 
rocks hosted within the Bonya Metamorphics. The 
significance of these rocks is considered in the discussion.

Cu and W mineralisation in the Bonya Hills 

Approximately 100 former Cu and W mines, prospects 
and occurrences exist in the Bonya Hills area, located 
approximately 30 km west of the Jervois mineral field. 
Tungsten and copper mineralisation was discovered in the early 
twentieth century, including the Bonya high-grade copper 
deposit and the Jericho and Samarkand W deposits (Nye and 
Sullivan, 1942; Morrison, 1960). Relatively little information 
is available on the genesis of this mineralisation however. 
This mineralisation is hosted in quartz veins or disseminated 
in calc-silicate rock. Although W mineralisation in the 
Bonya Hills area has been previously researched (Riemer 
2000), no significant research into the Cu mineralisation, 
nor an assessment of the connection between local Cu and 
W mineralisation has been attempted. Preliminary research 
on both copper and tungsten mineralisation in the Bonya 
Hills suggested that this mineralisation was epigenetic, 
post-peak-metamorphic and vein and skarn-related, forming 
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at ca 1730 –1700 Ma (McGloin and Weisheit 2015). New 
results from the Bonya Hills support those observations and 
strongly suggest a genetic link between regional Cu and 
W mineralisation, skarn and vein formation and regional 
metasomatism related to post-tectonic granite and pegmatite 
intrusions.  

Diamond drill core and reverse circulation chips 
were analysed from the historical Bonya mine after Rox 
Resource’s 2014 drilling campaign. Drill core logging clearly 
identified that chalcopyrite-pyrite mineralisation is hosted 
in quartz veins and is spatially associated with pegmatites. 
Both the quartz veins and pegmatites overprint the regional 
Smain foliation. They also overprint and are spatially related 
to mafic sills of the Kings Legend Amphibolite that intruded 
the Bonya Metamorphics before regional deformation 
and metamorphism. Locally the Smain foliation has been 
independently Pb-Pb monazite dated at 1760 ± 4 Ma in an 
andalusite-biotite schist northwest of Bonya mine (Reno et al 
in prep). In the same study, Pb-Pb monazite dating of a contact 
metamorphosed metasedimentary rock was interpreted to 
represent a minimum age at 1770 ± 6 Ma for the intrusion of 
the Kings Legend Amphibolite into the Bonya Metamorphics 
near Bonya. Molybdenite associated with chalcopyrite and 
pyrite in a cross-cutting quartz vein sampled from RC chips 
yielded a new Re-Os age of 1726 ± 8 Ma confirming a post-
peak metamorphic timing for this copper mineralisation. 

There are currently no techniques that allow for the direct 
dating of W mineralisation. Pb-Pb dating of apatite from 
a pegmatite from Samarkand W prospect provided a best 
estimate of the timing of mineralisation with an intercept age 
of 1680 ± 59 Ma; this is interpreted to represent a maximum 
igneous crystallisation age. However, this age should be used 
cautiously because the apatite grains show complex mixing of 
common Pb. Nonetheless the pegmatite age is considered to be 
reasonably robust despite the large age errors. A tourmaline-
bearing quartz vein associated with scheelite mineralisation 
at Jericho W-Cu mine has light δ11B isotope values (-16.9 
to -20.5 ‰) and a Fe-rich chemistry (≤ 10.9 % FeO). These 

results are consistent with either a granite-pegmatite or non-
marine evaporite boron source (Figure 2c-e). 

All regional Cu and W occurrences, prospects and 
deposits show similar vein or late skarn alteration. Copper 
mineralisation is spatially associated with metamorphosed 
mafic rocks at the contacts with cross-cutting veins, 
pegmatites or granite intrusions; mineralisation is also 
commonly associated with epidote and chlorite alteration. 
Scheelite mineralisation is consistently found in either calc-
silicate rock or in nearby pegmatite and granitoid phases. 
All the Cu and W occurrences share common geochemical 
relationships including elevated Cu content in W occurrences 
and elevated W in Cu occurrences. Whole rock geochemistry 
from mineralised Cu and W samples have elevated Mo, Sn, U, 
Bi, Co, Fe and low concentrations of Pb, Zn and Au. Figure 4 
shows sulfide S isotope data from Cu and W deposits and 
prospects including Bonya, Marrakesh, Molyhil, Petra and 
Xanten. These values are most consistent with a magmatic 
sulfur source, and are further supported by the spatial 
association of this mineralisation with mafic rocks. 

Regional copper-bearing fluorite-quartz veining and 
brecciation 

Quartz-fluorite-iron oxide veins and vein-breccias outcrop 
in several areas including Jervois mineral field, the Oorabra 
reefs of Jinka Plain, Perenti and in the southeasternmost 
exposures of the Aileron Province in ILLOGWA CREEK. 
These veins and breccias contain copper mineralisation 
as chalcopyrite, associated with pyrite and iron oxide 
mineralisation, and in some cases, with carbonate and/
or barite. These veins and breccia commonly cross-cut 
host granite. For the Cu prospects in ILLOGWA CREEK, 
Whelan et al (2013) suggested a possible link to IOCG-
style alteration based on the iron-oxide-fluorite-silica-
potassic alteration, brecciation and granite-host. These 
observations were subsequently interpreted as evidence 
for a regional IOCG belt (Lyons et al, 2013). However 
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from prospective S reservoirs from 
Hoefs (1980).
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given that in most areas of the Aileron Province with such 
veins, including the Cu prospects at ILLOGWA CREEK, 
there is very limited data on fluid sources, timing and 
links to regional tectonic events, the genetic origins for 
this mineralisation remain poorly constrained. New 
results reported here involve sulfide S isotope data, some 
constraints on the timing of mineralisation and estimates 
on fluid flow volumes.  

Sulfide δ34S isotope data from Illogwa, Jinka Plain 
and Perenti show values between ca 0-5 ‰ (Figure 4). 
The slightly elevated δ34S values compared to near-zero 
values are probably due to pH and fluid-rock interactions. 
Mineralisation is associated with mafic amphibolite at both 
the Austin and Perenti prospects. This suggests that meta-
igneous rocks may be a suitable copper and sulfur source 
for these regional veins. No direct association between 
the quartz-fluorite veins and mafic meta-igneous rocks are 
known at Jinka; however, the Bonya Metamorphics that 
host these intrusive granite hosts contain voluminous mafic 
bodies and sills. Furthermore, there is evidence for large 
mafic xenoliths in granites that host these quartz-fluorite 
veins. Similar mafic enclaves are found in the granites 
hosting quartz-fluorite veins and breccias at Illogwa.  

Direct Re-Os dating of pyrite and chalcopyrite from Jinka, 
Perenti and Austin failed due to low Re concentrations (< 0.5 
ppb). As such, minimum age constraints are limited to cross-
cutting relationships in host granites. At Jinka, km-long and 
several m-wide fluorite-quartz veins intrude metasomatised 
and sheared granites that have yielded weighted average 
Pb-Pb zircon ages of 1712 ± 30 Ma and an isochron Pb-Pb 
age of 1736 ± 36 Ma respectively; these age thus constrain 
a minimum timing for this veining. At Jervois where 
thin fluorite-quartz-carbonate-copper veins overprint 
polymetallic mineralisation, a minimum age for fluorite 
veining is provided indirectly by a Re-Os age of 1706 ± 7 Ma 
from molybdenite that overprints chalcopyrite (McGloin 
and Weisheit 2015). A maximum mineralisation age at 
Perenti is constrained by the deformed granite host that has 
a SHRIMP U-Pb zircon crystallisation age of 1809 ± 4 Ma 
(Kositicin et al 2014). At ILLOGWA CREEK, dating of the 
granite that hosts copper mineralisation yielded a SHRIMP 
U-Pb zircon crystallisation age of 1750 ± 4 Ma (Kositcin 
et al 2012). At Jinka Plain, using conservative estimates of 
quartz-fluorite veining dimensions and quartz and fluorite 
solubility at relatively low temperature and pressure 
conditions, an estimated total fluid volume of ≥ 1.92 km3 
was involved in vein formation. A lack of continuous 
outcrop limits estimations of vein and breccia dimensions 
at Perenti and southeastern ILLOGWA CREEK. However 
estimated conservative minimum total fluid volumes of ≥ 
7 million m3 for ILLOGWA CREEK and ≥ 2 million m3 for 
Perenti are required to produce the observed quartz-fluorite-
iron alteration, veining and brecciation.  

Home of Bullion

The Home of Bullion deposit is located 30 km east of 
Barrow Creek, 300 km north of Alice Springs (Figure 1). 
The deposit has been mined several times since the 1920s 
with some of the highest ever Australian copper ore grades 

reported during this period (Brittingham, 1950). Despite 
this rich mining history, relatively little is known about 
the characteristics and genesis of this deposit. In 2014 
and 2015, reconnaissance and structural mapping along 
with new drill core logging was completed at the Home of 
Bullion deposit by NTGS and PGN Geoscience. The results 
of this work together with new geochemical, petrological 
and geochronological data from the deposit and regional 
rocks help to constrain the timing and origins for this 
mineralisation. 

Massive sulfide mineralisation at Home of Bullion 
is stratabound and hosted in the lower amphibolite-
facies Bullion Schist, a package of metapelite-dominated 
metasedimentary rocks (Figure 5a-b). The mineralisation 
is spatially related to a mafic protolith now found as 
retrogressed chlorite and biotite schist; however the 
mineralisation may also be related to several less altered 
metagabbro bodies intruding near the deposit. The primary 
coarse-grained mineralisation is associated with magnetite 
and consists of pyrite, chalcopyrite, sphalerite, bornite, 
galena and minor chalcocite (Figure 5c-d). At surface, 
mineralisation is oxidised. Lode zones are enriched in Cu, 
Zn and Pb with minor Ag and trace Au. 

Host rocks at Home of Bullion are intensely folded 
and sheared especially near mineralisation and where 
competency contrasts are found in host rocks (Figure 5b, e). 
Most shearing is related to F1 tight isoclinal folds with strain 
localised into fold limbs. The geometry of the mineralisation 
is strongly controlled by F1 folding where mineralisation 
thickens into hinge zones. Consequently mineralisation 
is thinned and boudinaged in the limbs of the shear folds. 
Three later deformations rework the F1 structures and 
retrogress the host rocks. The D2 event produced the intense 
Smain foliation that overprints F1 structures but does not 
appear to be associated with folding. Later shearing and 
folding events localise some mineralisation into plunging 
shoots. 

New galena Pb model ages calculated for samples 
from Home of Bullion using the regional model of Warren 
et al (1995) indicate earliest mineralisation at ca 1825 Ma. 
These ages are reasonably consistent with new zircon 
geochronology that suggests local mafic intrusions 
crystallised at 1822 ± 27 Ma and granite intrusions at 
1823 ± 9 Ma. Dating of detrital zircon from a sample of 
Bullion Schist yielded a maximum depositional age of 
1870 ± 6 Ma. Further work is needed to constrain the timing 
and to determine the relationship between mineralisation 
and host rocks. However it is possible that some of the host 
metasedimentary rocks were deposited at a similar time 
to mineralisation and were contemporaneous with nearby 
magmatism. Further evidence for such a link may come 
from sulfide δ34S isotope values from the deposit. These 
values plot consistently near zero (mean = 1.27 ‰, range 
-0.74 to 1.65 ‰; Figure 4) suggesting a magmatic sulfur 
source. 

Mount Hardy copper field

Several Cu and W prospects and occurrences are found 
in the Mount Hardy region. Cu occurrences including 
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Figure 5. Mineralisation, host rock and structural interpretation from Home of Bullion deposit. (a) andalusite-chlorite schist from drill 
core (b) banded andalusite-rich horizons in andalusite-chlorite schist from the hangingwall to the northern lens of mineralisation. Note the 
sheared F1 fold. (c) massive sulfide mineralisation in drill core showing chalcopyrite, pyrite and sphalerite associated with magnetite. (d) 
foliated, banded chalcopyrite-pyrite-sphalerite mineralisation associated with chlorite, biotite and magnetite. All drill core is 5 cm width. (e) 
schematic cross section incorporating drilling, surface observations and interpolation through the Home of Bullion deposit. The green layer 
represents the mafic sill that can be structurally repeated throughout the area. The two yellow zones at surface indicate outcropping gossans 
and the eastern extents of the northern and southern lenses. The two yellow zones at depth are inferred based on coincidence of mineralised 
faults and intersecting mafic sill. These two inferred occurrences at depth would correlate with the western extents of the northern and 
southern lenses assuming a moderate to steep NE plunge. Diagram reproduced with permission from Kidman Resources Limited.
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Mount Hardy deposit have been intermittently mined since 
the 1930s (Grainger, 1968) but the origins and characteristics 
of this mineralisation is not well understood. New fieldwork 
and subsequent analyses identifies previously unmapped 
granite intrusions and reports new local granite and 
pegmatite geochronology. This work also characterises 
the petrology, whole rock and isotopic geochemistry and 
mineralisation ages for several of the Mount Hardy Cu 
deposits and prospects. 

Copper mineralisation at Mount Hardy is hosted 
predominantly within deformed quartz veins and stringers 
that show evidence for serrated grain boundaries, 
brecciation and foliated mica minerals (Figure 6c-d). Some 
quartz shows evidence for later annealing. A number of the 
prospects contain Cu-only mineralisation whereas other 
prospects such as Brown’s are enriched in Zn with minor 
Pb. Secondary mineralisation near surface is oxidised to 
malachite and chrysocolla. At depth, primary mineralisation 
consists of chalcopyrite, pyrite, minor native copper, and 
less commonly, sphalerite, pyrrhotite and minor galena 
(Figure 6c-d). The mineralised quartz veins are spatially 
associated with pegmatite intrusions showing graphic 
quartz-feldspar intergrowths (Figure 6a-b). 

Host rocks are biotite-muscovite-quartz gneiss, 
metapsammite and metapelite of the Lander Rock 
Formation. Although no depositional ages are reported 

near Mount Hardy deposit, a psammitic gneiss from the 
Lander Formation on ALCOOTA is interpreted to have a 
maximum depositional Pb-Pb zircon age of 1835 ± 6 Ma 
(Beyer et al 2013). Mineralised quartz veins predominantly 
host chalcopyrite and pyrite with variable proportions of 
pyrrhotite, galena and sphalerite associated with chlorite and 
biotite. The mineralisation and host rocks are recrystallised 
and altered by subsequent lower-amphibolite to upper-
greenschist facies metamorphic and hydrothermal events. 
The exact timing of mineralisation relative to pegmatite 
intrusions and quartz veining is complicated by at least 
two phases of pegmatite intrusion, and both early and late 
quartz veining. Some pegmatites are foliated and deformed, 
whereas others cross-cut the Smain foliation in the host rocks. 
The youngest quartz veins are not mineralised. 

New galena Pb model ages calculated using the regional 
Pb model (Warren et al 1995) suggest mineralisation formed 
at ca 1825 Ma. Although this age is reasonably accurate, 
the high µ values in Pb isotope values suggest this age may 
be slightly imprecise. Sulfide δ34S isotopes from the Mount 
Hardy mineralisation yield homogenous values (mean = 
1 ‰; range = -0.74 to 1.65 ‰; Figure 4) most consistent 
with a magmatic sulfur source.

The nearest exposed granite outcrops to Mount Hardy 
were previously mapped as part of the ca 1570–1530 Ma 
Southwark Suite. However new field mapping combined 

Figure 6. Pegmatites and quartz-vein hosted mineralisation in drill core from the Mount Hardy copper field. (a) deformed chalcopyrite-
galena-bearing pegmatite. (b) foliated garnet-bearing quartz-feldspar-muscovite pegmatite. (c) typical chalcopyrite-pyrite quartz vein 
mineralisation showing evidence for deformation; width of all drill core in a-c = 5 cm. (d) ¼ drill core  (2.5cm width) showing galena-
chalcopyrite-pyrite mineralisation hosted in a quartz vein. 

A16-104.ai

a b

c d
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with preliminary zircon geochronology demonstrates 
a more complex history of granite intrusions in the area. 
Previously unmapped granite and granodiorite intrusions 
to the southwest and north of Mount Hardy yield 
magmatic crystallisation zircon ages of 1808 ± 7 Ma and 
1823 ± 25 Ma respectively. The closest outcropping granite 
to Mount Hardy had been previously mapped but not dated. 
This rapakivi megacrystic granite yielded a U-Pb zircon 
magmatic crystallisation age of 1577 ± 9 Ma. 

Local pegmatite ages remain less well constrained 
than the granites. Nonetheless preliminary LA-ICPMS 
Pb-Pb monazite and U-Pb zircon data from two pegmatites 
in the Mount Hardy deposits yield crystallisation ages of 
ca 1820 Ma followed isotopic disturbance at ca 1750 and 
ca 1550 Ma. Similarly Re-Os dating of molybdenite from 
a pegmatite intruding near mineralisation at Mount Hardy 
yields an 1800 ± 8 Ma mineralisation age. A pegmatite at a 
Rock Hill Cu prospect yielded a magmatic crystallisation 
age of 1789 ± 25 Ma. Other granitoids south of Mount 
Hardy in MOUNT DOREEN yielded zircon and monazite 
crystallisation ages of 1559 ± 9 Ma and 1561 ± 8 Ma. Near 
the Clarke Cu prospects, biotite granite yielded a zircon 
crystallisation age of 1778 ± 4 Ma and a foliated granite 
produced a Pb-Pb monazite age of 1580 ± 4 Ma.

Discussion 

The new data from the Palaeoproterozoic copper 
mineralisation in the Aileron Province provide evidence 
and new constraints for mineralisation processes, regional 
and local paleotectonic settings, geochemical vectors 
to mineralisation, and temporal links between different 
copper-mineralised regions. Table 1 briefly summarises 
these findings and interpretations.

At Jervois, the boron isotope and geochemical analyses 
of tourmaline in stratiform tourmalinite has potential 
implications for the paleoenvironment and mineralisation 
processes. Tourmalinites are generally thought to form by 
the metasomatism of aluminous sediments by B-rich fluids 
(Slack 1996) thus tourmaline chemistry is partly dependent 
on the bulk composition of the original sediments. The 
high Fe2+ content of the Jervois tourmalinites is unusual 
for tourmalinites in volcanogenic massive sulfide (VMS) 
and SEDEX11 settings that typically have enrichment in 
Mg or Na. Their Fe-rich nature may be related to Fe-rich 
sediments (chemical sediments; see McGloin and Weisheit, 
2015) or Fe-rich hydrothermal fluids. 

The extremely light δ11B isotopic tourmalinite signature 
at Jervois can be derived from only two sources: continental 
(non-marine) evaporites or granite-derived fluids (Figure 2e). 
Despite the possibility of some replacement of tourmaline 
in the tourmalinite beds (currently being investigated by 
tourmaline Pb step-leaching dating), it is most likely that this 
isotopic signature represents boron sources at a similar time 
to syngenetic mineralisation at Jervois. Although there could 

11 Note that the SEDEX term (sedimentary exhalative) is now 
considered inadequate because deposits from this class do not 
necessarily form by hydrothermal fluids vented directly into a 
water column. The term ‘clastic-dominated sediment-hosted’ 
is preferred (see Leach et al 2010; Wilkinson 2014).

be both marine and non-marine facies in the palaeobasin at 
Jervois, borate minerals are rare in marine facies (Palmer et 
al 2004). The similar isotopic signature of both granites and 
non-marine evaporites may suggest a link to hydrothermal 
fluids from a restricted basin setting (Slack et al 1989). This is 
particularly pertinent as one source for B in modern isolated 
freshwater basin settings is the inflow of hot springs of saline 
brines enriched in Na, SO4 and B (Vengosh et al 1995). 

The identification of voluminous zones of Mn-rich 
garnets adjacent to syngenetic mineralisation in the Jervois 
lode sequence appears to be a unique characteristic distinct 
from all other reported garnet chemistries in the Bonya 
Metamorphics (Figure 3). Some garnets also show elevated 
Zn-concentrations. The Mn-enrichment is most likely related 
to the abundance of Fe- and Mn-rich chemical sediments 
in the mineralised sequence (McGloin and Weisheit, 2015). 
Metamorphic minerals (eg garnets, staurolite, gahnite) with 
high metal concentrations can indicate the metamorphism 
of pre-existing sulfides and the potential existence of nearby 
metamorphosed sulfide deposits (Spry et al 2000). Thus 
the anomalous Mn chemistry in these garnets highlights 
the potential for using metamorphic indicator minerals in 
regional exploration. As such, regional mapping, soil and 
creek sampling programmes may benefit from an assessment 
of these metamorphic minerals in prospective terrains, 
particularly as they are relatively more resistant to weathering 
than sulfide minerals.

The new assessment of potential metavolcanics in the 
J-fold area of the Jervois mineral field indicates that there 
are small bands of felsic igneous rocks hosted within the 
Bonya Metamorphics. However any field interpretation 
for metavolcanics must be treated with scepticism 
until additional evidence can be produced from further 
petrological, geochronological or geochemical analyses. 
Despite the metamorphosed, deformed and altered nature of 
these quartz-sericite schists, the presence of both unimodal 
zircon populations and bi-pyramidal quartz in three samples 
are consistent with felsic igneous sources. Unfortunately, 
zircon dating could not determine the crystallisation ages 
of some of the samples due to zircon metamictisation. 
Discrimination of extrusive (eg rhyolite or volcanic) versus 
sub-volcanic (felsic sills or dykes) protolith is not possible. It 
must be emphasised that any such felsic igneous rocks in the 
lode sequence appear to be volumetrically minor compared 
to the abundant metasedimentary rocks. Most importantly, 
although metafelsic igneous rocks exist in the host sequence, 
the timing of their formation and thus their significance 
with respect to syngenetic mineralisation remains poorly 
constrained. Given that local deformation began with the 
intrusion of the Attutra metagabbro, it is likely that the 
quartz-sericite schist protolith rocks experienced the same 
deformation history as local metasedimentary rocks and 
metamorphosed mafic sills and bodies. 

A thorough assessment of Cu and W occurrences in the 
Bonya Hills indicate that all these epigenetic skarn and vein 
occurrences formed between ca 1730–1700 Ma (Cartwright 
et al 1997, Riemer 2000, McGloin and Weisheit 2015; this 
study). These occurrences are also temporally related to the 
nearby Molyhil W-Mo skarn deposit on Jinka Plain. Cross 
(2007) dated this deposit at 1721 ± 8 Ma and ca 1710 Ma 
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using Re-Os molybdenite and Pb-Pb SHRIMP xenotime ages 
respectively. A regional epigenetic Cu and W mineralisation 
event therefore is suggested within the timeframe related 
to granite magmatism. Similarly some overprinting late Cu 
and W mineralisation and metasomatism is recorded in the 
Jervois mineral field (McGloin and Weisheit, 2015). 

This regional Cu and W mineralisation shares similar 
petrological, geochemical and S isotope features. The close 
proximity of Cu occurrences to sulfide-bearing mafic sills, 
pegmatites and quartz-tourmaline veins suggests that mafic 
rock probably provided a passive source for Cu and S. The 
evidence for chloritic and propylitic alteration (epidote, 
chlorite, quartz) associated on such contacts probably relates 
to interaction of metasomatic fluids derived from granite 
and pegmatite intrusions with the host rock assemblage. 
These granite and pegmatite intrusions have similar 
ca 1730 –1700 Ma crystallisation ages suggesting a genetic 
link (Reno et al 2015). New B isotope data from Jericho mine 
also suggests a granite-derived link for W mineralisation. 

Copper-mineralised quartz-fluorite-iron oxide veins 
throughout the Aileron Province have poorly constrained 
timing and genetic origins. However results from 2015 
indicate that in most regional occurrences, sulfur was 
likely derived locally from metagabbros found close to 
mineralisation. Similarly, sulfide δ34S signatures in the veins 
are consistent with a magmatic sulfur source (Figure 4). More 
work is necessary to constrain the source and characteristics 
of the mineralising fluids. Although oldest possible formation 
ages of ca 1.7 Ga are suggested, it is likely that these vein 
and breccia systems were repeatedly sealed and re-opened 
over time. Other unknowns are the source of the required 
large volumes of fluids necessary for the vein systems 
considering the waning stages of known magmatism in 
these post-orogenic regions at 1.7 Ga, and the lack of known 
Palaeoproterozoic basin stratigraphy younger than ca 1.7 Ga 
in the region. 

The preliminary results from Home of Bullion suggest 
a syngenetic origin for this metamorphosed and deformed 
polymetallic massive sulfide mineralisation (Figure 5). The 
mineralisation is hosted in Bullion Schist, but is intimately 
associated with orthoamphibolite. This model is supported 
by a similar ca 1825 Ma timing for the mineralisation and 
for both felsic and mafic intrusions locally. A magmatic 
association is also supported by a magmatic S isotope 
signature and Cu-rich mineral chemistry. As such, this 
deposit has many similarities to the Jervois deposits, but 
is hosted in an older basin sequence that formed ~35 my 
prior and was deformed and metamorphosed by a different 
metamorphic event (the Stafford Event at ca 1810–1790 Ma). 
The Bullion Schist is overlain by the Strzeleckie Volcanics; 
a SHRIMP U-Pb zircon age of 1805 ± 6 Ma (Claoue-Long 
et al 2008; Haines et al 1991) constrains a minimum age 
for mineralisation. Further work is proposed to determine 
the relationship of metamorphism and deformation to the 
geometry of the mineralisation at Home of Bullion.

Based on field reconnaissance and drill core logging, 
the initial results from Mount Hardy indicate an epigenetic 
copper mineral system hosted in quartz veins and related 
to pegmatite emplacement at ca 1800 Ma (Figure 6); 
however, mineralisation is complicated by several phases 

of pegmatite and granite intrusion, and the onset of regional 
metamorphism. Further pegmatite intrusions at ca 1780 Ma 
were probably near-contemporaneous with the formation of 
the regional Smain foliation; some quartz and pegmatite veins 
at Mount Hardy were probably deformed during this time. 
Given that some pegmatites and quartz veins cross-cut the 
Smain foliation, a period of syn to post-tectonic magmatism 
and retrograde alteration must also have occurred. The 
additional intrusion of undeformed granites at ca 1570 Ma 
does not appear to be related to copper mineralisation at 
Mount Hardy. Nonetheless this event may have deformed or 
altered pre-existing mineralisation. Ongoing work is required 
to fully understand the timing of mineralisation compared to 
metamorphism, deformation and granite emplacement. 

Temporal and characteristic variation in copper 
mineralisation styles within a broad active-plate margin 
setting

The results from research of various Palaeoproterozoic 
copper-related mineral systems in the Aileron Province 
demonstrate clear temporal and genetic differences 
between copper systems in different settings. This new data 
provide evidence for both syngenetic and epigenetic copper 
mineralisation. In very broad terms, mineralisation can be 
related to an interpreted active convergent plate margin (eg 
Betts et al 2015; Giles et al 2002) with associated basin 
formation, high-T, low-P metamorphism and magmatism 
between ca 1.82–1.7 Ga (Weisheit et al 2016). However 
there are temporal and spatial distinctions between the 
oldest known syngenetic basin mineralisation at Home of 
Bullion (ca 1.82 Ma) in the central Aileron Province and 
the youngest at Jervois (ca 1.79 Ma) in the east. Similarly, 
epigenetic copper and tungsten mineralisation related to 
felsic magmatism has occurred between ca 1.82 Ga and 
at least 1.70 Ga in different parts of the Aileron Province 
(eg Mount Hardy, Bonya Hills). Large regional mafic and 
felsic intrusive bodies that formed from ca 1.82 Ga onwards 
were most likely critical to sourcing copper and driving 
hydrothermal-related mineralisation for these systems. 
The remarkably consistent regional sulfide δ34S data from 
the various copper systems are interpreted to represent 
a dominant regional magmatic sulfur source. These 
intrusions, particularly mafic bodies, also likely provided 
a passive source for metallogenic inheritance through 
leaching by hydrothermal fluids during subsequent periods 
of metamorphism, deformation and magmatism. 
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This paper details the logic behind the first application 
of commercial seismic reflection surveys in the Tennant 
Creek Mineral Field (TCMF) by Emmerson Resources 
Limited (ERM). It includes the interpretation and 
results of the deepest surface drillhole designed to test 
the seismic anomalies beneath known ironstones that 
were generated from a line of seismic reflection within 
the Gecko mine area (Figure 1). This high-risk drilling 
was made possible by co-funding from the Northern 

Territory Geological Survey (NTGS) as part of the 
CORE program and our Joint Venture partners, Evolution 
Mining (EVN). Encouragement from the drilling results 
led to a 60 km regional traverse of 2D seismic reflection 
extending over a large part of the northern Warramunga 
Province (Figure 1). This traverse provides the first look 
at the ‘crustal plumbing’ of this well-endowed gold-
copper province and images many key ingredients of the 
exploration model including relationships between deep-
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seated structures, Warramunga Formation (WF) host 
rocks and intrusive rocks of the Tennant Creek Supersuite 
(TCS).

The TCMF was discovered in 1925 and mining has 
produced approximately 157 t of gold, 345 000 t of copper, 
14 000 t of bismuth, 220 t of selenium and 56 t of silver 
from 130 mines; the majority of this production being 
derived from 12 deposits (Donnellan 2013). The ore occurs 
as free gold and Cu-Bi sulfides hosted within magnetite-
haematite-chlorite-quartz bodies of hydrothermal origin 
locally known as ironstones. The ironstone bodies have 
variable dimensions, averaging 200 m long x 40 m 
wide x 290 m depth, extending from surface to 600 m 
depth, but commonly mineralised between 100 m and 
400 m below the surface. The vast majority of ironstones 
are barren, but some are mineralised and have provided 
excellent economic returns as a consequence of their 
bonanza gold grades, despite their relatively small 
footprint.

Exploration success within mature provinces is 
dependent on a clear strategy that provides a focus and 
framework for exploration and funding. The strategy 
needs to take account of both technical and non-technical 
aspects; for example, fostering a discovery culture 
within the exploration team is as important as ensuring 
‘stakeholder relations’ that permit the conversion of new 
ideas and technology into timely on-ground activities. The 
dimensions of a successful strategy are many but some of 
the more important elements relate to ensuring exploration 
is conducted within a business framework that avoids 
tracking down the path of ‘diminishing returns’ – often seen 
in times of high metal prices and ‘easy’ financing.

Since inception in 2007, ERM has been solely focused 
on its 2500 km2 Tennant Creek Project. The technical 
strategy relies on applying the best science and technology 
to unlock a new generation of gold and copper discoveries. 
To date ERM has discovered the Goanna, Monitor and 
most recently, Mauretania mineralisation by utilising a 
combination of new exploration models and detection 
technologies. Detailed gravity, induced polarisation and 
airborne electromagnetics were used to refine the models 
and provide drill targets, but despite advances, these 
techniques are still limited to ~300 m effective depth 
penetration. Although historically the largest deposits in the 
TCMF extend to 600 m depth and existing drilling indicates 
they do not persist to greater depths, the question of possible 
‘structural repeats’ at depth (as suggested in our exploration 
models) remains unanswered. 

Seismic exploration techniques have long been the tool 
of choice in the hydrocarbon industry, but they are only now 
being applied to mineral exploration. The advantage of such 
techniques lies in their great depth penetration, but when 
weighed up against order-of-magnitude higher acquisition 
and data processing costs, as well as the specialist skills 
needed to interpret the data, the easier decision is typically 
to assign such surveys to the ‘too hard/too expensive’ 
basket.

The TCMF has a long association with seismic 
techniques. A reconnaissance seismic refraction survey was 
undertaken by the Bureau of Mineral Resources (BMR) in 

1979 to investigate the use of seismic methods to determine 
geological structures in areas where younger cover rocks 
prevent direct examination of rocks of potential economic 
importance (Finlayson 1981). Finlayson proposed a simple 
layered model for the thickness of the Warramunga Group 
with values of about 2.6 km near Nobles Nob mine, thinning 
to about 1.2 km near Warrego mine. He noted that the nature 
of the change between the surface and ‘basement’ rocks is 
likely to be complex, resulting in a velocity transition zone 
rather than a simple boundary and therefore the estimated 
depths to ‘basement’ were considered to be minimum 
estimates (Finlayson 1981).

GeoPeko Ltd trialled the use of seismic reflection in the 
Tennant Creek region in 1988. Two short N–S lines were 
conducted: one over the One-Oh-Two ironstone located 
1.3 km east of the Orlando mine (line length 800 m), and 
the other over the R54 ironstone at Gecko [100 m east of 
the K44 ironstone, line length 1 km (Root 1989)]. Root 
concluded the main use of shallow seismic techniques in 
mineral exploration was as a supplement to drilling, and that 
some knowledge of the subsurface geology was required for 
a meaningful interpretation of seismic sections in complex 
terrains.

ERM’s joint venture partner, EVN, is a strong proponent 
of deploying seismic reflection surveys to define fertile 
structures and mineralisation at many of its operating mines 
in Australia; thus a trial program comprising 4 lines of 4 km 
length was executed over the Chariot East, Goanna, Gecko 
K44 and Gecko An3 ironstones using a weight drop source. 
The most encouraging line (prior to reprocessing based 
on downhole logging) was over the Gecko K44 ironstone, 
located at the geographic centre of the Gecko Au-Cu camp. 
This prompted the CORE submission for a co-funded deep 
drillhole designed to test beneath the known ironstones 
for structural repeats, provide further data on the 3D 
mineralisation and alteration, and to ascertain the efficacy 
of seismic as an exploration tool.

A single hole, GODD032, was drilled at the Gecko 
K44 Deeps target on ML23969 to a total depth of 1279 m. 
The hole was a great success, intersecting shallow 
copper mineralisation (in the pre-collar) and encouraging 
components of the exploration and structural model at depth 
(Figure 2). Specifically, the intersected mineralisation can 
be categorised into two zones: shallow copper-rich and deep 
ironstone. 

Drilling through the copper zone intersected multiple 
quartz-chalcopyrite veins analogous to the recently 
discovered Goanna mineralisation that lies ca 800 m to the 
east. Figure 2 shows the significant assay results that include 
7 m at an average grade of 5.98% Cu and 0.46% Bi from 
123 m (including 3 m at 10.4% Cu and 1.01% Bi from 126 m 
and 1 m at 15.48 % Cu and 1.16% Bi from 127 m), 1 m at 
1.00% Cu and 969 ppm Bi from 134 m, 1 m at 2.08% Cu and 
1759 ppm Bi from 138 m and 3 m at 4.75% Cu, 694 ppm Bi 
from 162 m (including 1 m at 10.6% Cu and 654 ppm Bi 
from 163 m). 

The deep ironstone zone was intersected in the footwall 
of a major fault within the Gecko Corridor (a 300–400 m 
wide zone that hosts the Gecko ironstones and extends ESE 
to the Quartz Hill Fault), some 1 km below the surface; 
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it is the deepest ironstone discovered to date within the 
TCMF. This ironstone comprises 4.2 m of hematite-
quartz-jasper, locally exhibiting ptygmatic to colloform/
crustifom textures, but failed to return significant economic 
mineralisation. However, the associated and extensive 
alteration assemblages of chlorite-sericite-quartz proximal 
to the Gecko fault, varying to chlorite-sericite-quartz; 
chlorite-quartz and finally distal, quartz-chlorite, are highly 
encouraging as they are commonly associated with Au-Cu 
mineralisation.

Mineralised intermediate dykes were intersected from 
968–998.2 m (900 m below surface) and have been dated at 
1854 ± 13 Ma (U/Pb zircon) confirming they belong within 
the TCS. Also of great interest was the intersection of 10 m 
of pervasive quartz-dolomite alteration (intersected at 
1175 m depth) above the haematite ironstone; this alteration 
is typically associated with distal hydrothermal fluids or 
‘near miss’ situations.

Subsequent reprocessing of the seismic line over 
the Gecko An3 ironstone located ca 800 m to the west 
(Figure 1) has revealed a stronger reflector at depth in a 
similar position to the ironstone intersected in GODD032.

In terms of the regional picture, it was postulated as early 
as 1989 that the ironstones in the TCMF are related to, and 
perhaps even emplaced in thrust faults developed during 
basin inversion. The idea, first documented by Etheridge 
(1989), was further developed by Rattenbury (1990, 1994) 
and then linked to mineralisation by Skirrow and Walshe 

(2002). The concept includes reactivation of major thrust 
faults developed during basin inversion that serve as loci for 
development of iron oxide bodies (ironstones). These faults 
are subsequently mineralised during brittle transcurrent 
or transpressional events, with the fault planes acting as 
conduits for the mineralised fluids, driven by felsic intrusive 
rocks of the TCS.

One 60 km 2D seismic reflection line was acquired 
by HiSeis Pty Ltd (HiSeis) along the Stuart Highway, 
30 km to the north and south of Tennant Creek (Figure 
1). The aim of this 2D survey was to image the upper 
crust, pinpoint major thrust faults and better understand 
specific elements of our structural and exploration model 
– specifically the spatial distribution of the TCS and its 
relationship to structure.

Although care must be taken in interpreting 2D 
sections because observed reflections may not originate 
from directly below the survey line, initial results suggest 
that all of the major gold-copper deposits in proximity to 
line 101 (Eldorado, Argo, Chariot) are associated with 
northward-verging thrust faults that extend down to about 
10 km depth (Figure 3). This survey also revealed a number 
of newly identified thrusts that lack surface expression and 
known mineralisation, yet in all respects are similar to the 
mineralised thrusts. In addition, it appears the survey has 
imaged voluminous felsic intrusive rocks with a major sub-
horizontal boundary visible at approximately 20 km depth. 
This boundary may represent the top of a different seismic 

Figure 2. Cross-section of drillhole GODD032 under Gecko K44 and R54 ironstones (blue polygons) superimposed on final seismic 
section. Significant geological/assay intervals highlighted.
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domain, possibly analogous to the top of the Ooratippra 
Seismic Province defined in line 09GA-GA1 (Georgina 
Basin-Arunta Region), located 210 km to the southeast 
(Korsch et al 2011). One of the key structures in the TCMF 
is the Mary Lane Shear Zone which is clearly visible above 
and nucleating from the top of this zone (Figure 3).

This regional, 60 km long, deep seismic reflection 
traverse has provided some further insights into the 
subsurface geology of the TCMF; it has also revealed some 
tantalising new structures that remain unexplored.

Additional details of the Gecko K44 drillhole and 
regional seismic traverse can be found in the respective 
reports submitted as part of the CORE program.
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3D models are designed to provide a structural and 
stratigraphic framework for an area of fundamental or 
economic interest. Models can synthesise available data 
and interpret geological architecture at depth. The Northern 
Territory Geological Survey (NTGS) initiated the 3D 
modelling project of the greater McArthur Basin in late 
2013 (Bruna et al 2014, 2015). Products developed through 
this project are available in Digital Information Package 012 
(Bruna and Dhu 2015);  DIP 012 is updated and released 
publically on an annual basis. The model released in 2015 
has been updated with new structural data from the poorly 
constrained Tijunna Group of the Birrindudu Basin. This 
phase of the modelling project aims to answer the following 
questions:

i. Is there a structural transition between shelf and basin in 
the Birrindudu Basin?

ii. Is the style of deformation in the Birrindudu Basin 
similar to the one observed in the McArthur Basin?

The structural data were modelled using the MOVE 
software, a program that allows multiple scenarios to be 
developed from a single set of data. 

In late 2015, a high resolution model (HR model) was 
built for an area centred in the Beetaloo Sub-basin. Four 
surfaces were created in this 3D model, then transformed as 
a volume to be populated by reservoir properties acquired 
from a concurrent basin study (Revie 2016). Total Organic 
Carbon (TOC) and brittle mineral content extracted from 
x-ray diffraction (XRD) analyses were imported into the 
model as primary data. A complementary hyperspectral 
dataset from the HyLoggerTM instrument was also integrated 
into the model as secondary data, expressed as vertical 
proportion curves (VPC). VPC give access to the relative 
proportion of all of the considered facies in each cell of the 
grid. The purpose of this integrated approach was to answer 
the following questions:

i. How to represent the variability of selected properties in 
a constrained 3D environment?

ii. How can geostatistic methods be used to identify the 
location of sweet-spots?

iii. What are the limitations and capabilities of such an 
approach in the greater McArthur Basin?

This work provided a detailed and accurate model designed 
for property testing. It was released by the NTGS during 
2015 as DIP 012 (Bruna and Dhu 2015).

The most recent phase of the modelling project during 
2015 investigated the geometry of selected Glyde package 
horizons. Several key units of this package are currently 
targeted by petroleum and mining explorers for their 
potential to host unconventional resources and lead-zinc 

deposits. The workflow followed this year was comparable 
to that followed earlier in 2015 for the Wilton package 
model (Bruna et al 2015; Bruna and Dhu 2015). The work 
addresses the following questions:

i. What is the geometry of the Glyde package at depth in 
the greater McArthur Basin? 

ii. What is the geometry of the Glyde package before the 
deposition of younger packages?

Geophysical interpretation by Betts et al (2014) sequenced 
the movement of faults within the greater McArthur Basin 
during tectonic phases of the Meso- and Palaeoproterozoic 
period. A restoration of the fault movement to initial phase 
(null movement) will be targeted in further work. 

Geological setting

The greater McArthur Basin is a huge Palaeo- to 
Mesoproterozoic series of stacked basins located in the 
northern half of the Northern Territory of Australia. It 
covers an area of 50 000 km². The basins have a cumulated 
thickness varying between 8 and 15 km of siliciclastic 
and carbonate rocks with subordinate occurrences of 
volcanic rocks. Five packages are defined in this basin 
separated by regional unconformities (Ahmad et al 2013).
Two of them, the Mesoproterozoic Wilton package and 
the Palaeoproterozoic Glyde package represent the best 
potential to host unconventional hydrocarbon resources or 
economic mineralisation (Ahmad et al 2013, Munson 2014).

Economic targets in the greater McArthur Basin

The Wilton package is the shallowest package in the greater 
McArthur Basin. It contains mainly clastic sedimentary 
rocks separated by minor unconformities. Two horizons, 
the Velkerri Formation and the Kyalla Formation, are 
known to have greater potential to host unconventional 
hydrocarbon resources than other formations within the 
Wilton package (Munson 2014). This potential is also 
highlighted by the geochemical data collection conducted 
for the Wilton package by Revie and Edgoose (2015).  This 
extensive dataset provided an opportunity to investigate the 
distribution of geochemical parameters (TOC and brittle/
clay mineral content) in the HR model.

The Glyde package is bounded by the younger Favenc 
package and the older Redbank package. The Glyde 
package is up to 5 km thick, consisting of dolomite and 
sandstone formations (Ahmad et al 2013). The package 
outcrops in the Batten and Walker fault zones. Equivalent 
groups can be found in the Birrindudu Basin (Wattie Group 
and Limbunya Group), Urapunga Fault Zone (Vizard 
Group), the Tomkinson Province (Namerinni Group) 
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and the north-eastern part of the McArthur Basin (Jalma 
Formation). The upper part of the Umbolooga Group in the 
Glyde package presents particularly good potential for both 
conventional and unconventional hydrocarbon resources 
(Munson 2014). The Barney Creek Formation contains the 
HYC Pyritic Shale Member that hosts McArthur River base 
metals mine. The occurrences of known mineral deposits 
are currently restricted to a small part of the Batten Fault 
Zone where they are associated with syn-sedimentary 
fault processes. However these mineral occurrences seem 
ubiquitous in the Glyde package and further work needs 
to be dedicated to investigate these syn-sedimentary fault 
structures in the Batten and Walker fault zones.

Tectonic setting

Initial deformation of the Glyde package occurred during 
the syn-Glyde NE-SW extensive phase (Betts et al 2014). 
This phase induced large northwest-trending normal faults 
and northeast-trending strike-slip faults. These faults are 
particularly observable in the Batten and Walker fault zones 
and in the south of the Birrindudu Basin. 

This first extensive phase was followed by a secondary 
phase of extension during the deposition of the Favenc 
package. The stress state appears to be the same as the 
one recorded during the syn-Glyde extensive phase on the 
southern part of the greater McArthur Basin (Birrindudu 
area). The stress state rotates locally towards east-northeast 
on the northern part of the greater McArthur Basin, in the 
MOUNT MARUMBA3 map area (Sweet et al 1999) and in 
the Walker Fault Zone. 

The last deformation phase is the 1580–1500 Ma syn-Isan 
orogeny inversion phase. This inversion mainly affects the 
Batten and Walker fault zones, reactivating faults inherited 
from the syn-Glyde event. The stress regime is globally 
oriented east-northeast. 

Material and methods

SKUA-GOCADTM software was used to update existing 
models of the Wilton package, and to build the 3D regional 
model of the Glyde package. The following work was 
conducted:

• The 3D regional model of the Wilton package was 
updated in the Birrindudu Basin on the DELAMERE 
1:250 000 map series (Beier et al 2002). A balanced 
cross-section was prioritised in this area of poor 
structural constraint in order to establish the link 
between outcrop and the nearby Pangaea Resources Pty 
Ltd exploration seismic survey (Hoffman 2015). The 
cross-section was constrained with field data collected 
during the 2015 field season. Thickness variations were 
extracted from Beier et al (2002) and Ahmad et al (2013). 

• The Wilton package 3D regional model was used as a 
starting point for building the HR model of the Wilton 
package. The HR model was built over a smaller area 

than the regional model in order to allow the use of 
finer resolution mesh to better constrain the geometry. 
The results of the structural model are available in 
the updated DIP 012. The structural model was then 
transformed to a discontinuous volume model. The 
number of cells used to create the volume between two 
surfaces was varied depending on its importance and 
available data. For instance, in the volume containing 
the Velkerri Formation, the cell height was set at 25 m. 
A grid was created to analyse TOC and relative amount 
of brittle versus clay mineral content using geostatistical 
simulations. Sequential gaussian simulation (SGS) 
and sequential indicator simulation (SIS) stochastic 
algorithms (Gringarten and Deutch 2001; Felleti et al 
2004) were used to represent the variability of the 
measured properties within selected layers of the 3D 
model.

• A revised stratigraphic partitioning was created for 
the Favenc and Glyde packages in order to define units 
that are thick enough to be resolved within the implicit 
modelling process. As per the partitioning applied to the 
Wilton package in Bruna et al 2015, the partitioning of 
the Glyde package was based on sequence boundaries 
and major unconformities. Model inputs are a classical 
combination of: 

i. surface data collected from fieldwork and existing 
geological maps in the area of interest

ii. a down-sampled SRTM extract bounded by the 
model limits 

iii. a series of interpreted seismic horizons in the 
Birrindudu Basin (Pangaea Resources Pty Ltd) and 
in the Batten Fault Zone (Rawlings et al 2004) 

iv. interpretation of fault geometry at depth from both 
primary data and secondary a priori data using the 
GeolToolBox gOcad Research plug-in (Le Carlier de 
Veslud et al 2009) 

v. synthesis of well markers for the Glyde and Favenc 
packages compiled from mineral and petroleum 
company reports and from waterbore reports. 

Results

Update of the Wilton package model

The newly constructed cross-section is based on field data 
only and was designed to better constrain the western 
extension of the greater McArthur Basin 3D model. This 
cross-section highlights the low amount of deformation 
recorded by the Wilton package equivalents in this region 
(Figure 1): 

i. the Tijunna Group composed of the Wondoan Hill 
Formation and the Stubb Formation has an average 
bedding variation of 7.5° across the entire area 

ii. rare observed faults do not display significant offsets 
unlike those observed in the McArthur Basin sensu 
stricto

iii. no major or pronounced folding processes were observed 
in this zone. 

3  Names of 1:250 000 and 1:100 000 mapsheets are shown 
in large and small capital letters, respectively, eg MOUNT 
MARUMBA, Wilton river.
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Nevertheless, fracture measurements collected at four 
stations identified some consistency in fracture orientation 
between the McArthur Basin sensu stricto (Bruna et al 
2015) and the Birrindudu Basin in the 130° direction. 
Due to the minimal deformation recorded in this zone, 
further efforts should be concentrated on determining 
systematic fracturing characterisation. This work will lead 
to characterisation of diffuse fracturing that is crucial for 
unconventional hydrocarbon reservoir assessments.

MOVE software was used to construct the cross-
sections. The software incorporated apparent dip 
calculations, bedding projections on cross-section trace, 
determination of best cross-section orientation from 
bedding measurement statistics, and fault displacement 
evaluation. This complete integration allows the 
construction of a valid balanced cross-section (Figure 1). 
Unfortunately, thickness variation could not be handled 
by the MOVE software. This should have an impact on 
fault throw estimations. Nevertheless, the low amount of 
deformation recorded in the area implies that this limitation 
has minimal consequence on the global geometry of the 
targeted zone. 

Once constructed, the section was digitised in SKUA-
GOCADTM and used to update the existing regional model 

(DIP 012). The correlation between surface data and 
subsurface interpretation displays a smoothly deepening 
profile towards the east. This situation contrasts with the 
McArthur Basin sensu stricto / Beetaloo Sub-basin where the 
depocenter location is controlled by the major Mallapunyah 
Fault (Bruna et al 2015). This leads to the question: Are the 
Birrindudu and McArthur basins structurally disconnected? 

The Wilton package high resolution model: an integrated 
perspective 

The model of the Wilton package in the greater McArthur 
Basin has a cell resolution of 550 m × 160 m (horizontal 
× vertical) covering an area of 12 000 km². The model 
contains four horizons including the base of the Moroak-
Velkerri group. It has approximately 45 fault surfaces that 
have major displacements. The model also contains 64 wells 
that are used to constrain the geometry at depth. The base of 
the Moroak-Velkerri group (Bruna et al 2015) is considered 
the base of the gridded zone of interest. This group of 
formations contains two economic targets within the Wilton 
package – the Velkerri Formation and the Kyalla Formation. 
The gridding cell size used for this group is 25 m vertical 
and about 2 km horizontal.
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Figure 1. Developments on the HR model. (a) the HR volume model gridded discontinuously (cell dimension is finer in the yellow part 
than in the beige and blue parts). The yellow interval contains the target of the present study: the Velkerri Formation. (b) SGS simulation 
#1 for TOC values. This simulation shows the patchy organisation of high TOC values. (c) SIS simulation #1 for brittle mineral content 
facies. Three facies were defined during this process: non-suitable (brittle mineral content is between 0–35% or above 90%), acceptable 
(brittle mineral content is between 65 and 90%), favourable (brittle mineral content is between 35 and 65%). The grey squares indicate 
the regional VPC calculated from the HyLogger™ tool and integrated as secondary data.
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The potential of black shale to host economic 
unconventional resources can be described using the 
series of parameters outlined by Zou (2013). Two of these 
parameters are: i) high TOC content and ii) high brittle 
mineral versus clay mineral content. An extensive collection 
of geochemical data including TOC and brittle mineral 
content are available in the majority of the wells present 
in the model (Revie 2015). These data were stochastically 
simulated using a SGS algorithm. The aim of this analysis 
was to represent the 3D repartition of high and low TOC 
values in the 3D model. This geostatistical analysis 
indicated that high TOC values are vertically organised as 

cyclic bodies. The small number of wells available in the 
model is not optimal to investigate the lateral extension of 
these high TOC value bodies (Figure 2). 

The amount of available data on brittle mineral content 
from XRD analyses is scarce, but mineral data derived from 
the HyLogger (Mason and Huntington 2012) augmented 
the XRD data. Spectra from the thermal infrared (TIR) 
wavelengths (6000–14500 nm) are matched to an inbuilt 
mineral library to produce a mineral mix. The mineral mix is 
categorised into brittle (quartz, carbonates, and feldspars) and 
clay (white micas, kaolins, smectites) minerals. These results 
were combined with XRD data to obtain vertical proportion 
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curves in some wells. The brittle versus clay mineral content 
was simulated with a SIS algorithm. Non-suitable, suitable 
and favourable facies were defined for these properties and 
simulated using 3 different variograms. While results were 
improved by using the vertical proportion curves, the final 
results reflect the lack of data in contrast to the high variability 
of the property (Figure 2). 

The next step will be to combine the two approaches 
(TOC and brittle versus clay mineral content simulations) 
in a single algorithm to calculate whether parameters are 
suitable in each cell of the model to define sweet-spots 
(Figure 2). Another possible approach is to concentrate 
efforts on the Batten Fault Zone, an area of greater well 
coverage and therefore more detailed data available on 
critical parameters.   

The Glyde package regional 3D model

This model contains six key horizons that honour available 
surface and subsurface data. Because this model is the 
continuation of the Wilton package, the same cell resolution 
of 1200 m × 400 m was used. The Favenc package has a 
limited potential for hosting economic resources (Munson 
2014). This package was defined in the 3D model as a layer 
between the base Roper Group provided in Bruna and Dhu 
(2015), and the top Glyde package or top Amos Formation. 

The Glyde package regional model is constrained by 
surface geology in the Batten and Walker fault zones, 
Tomkinson Province and in the eastern part of the 
Birrindudu Basin, and by seismic data in the Birrindudu 
Basin and wells sampling in the greater McArthur basin. 
The Beetaloo Sub-basin suffers a lack of data for the Glyde 
and Favenc packages. Further seismic interpretation and 
assessment of industry drilling focussed on the Glyde 
package should provide more data to better constrain the 
area. This model delivers the first structural framework 
of the Glyde package at the scale of the greater McArthur 
Basin.   

As with the previous model (Bruna and Dhu 2015), 
thickness maps of each of the generated surfaces were 
produced that display of the geometry of key units at depth. 
These data are available as tessellated surfaces readable in 
many of the available geomodelling software tools. 
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The informally named greater McArthur Basin is a vast 
predominantly sedimentary terrane stretching across the 
northern half of the Northern Territory from northeastern 
Western Australia to northwestern Queensland. It 
includes Palaeo- to Mesoproterozoic successions of the 
McArthur and Birrindudu basins, and large parts of the 
Tennant Region (Figure 1). These basins are interpreted 
to have been interconnected at time of deposition. A 
widely distributed cyclic succession of Mesoproterozoic 
siliciclastic sedimentary and minor igneous rocks at the 
top of the greater McArthur Basin is included within the 
Wilton package of Rawlings (1999). The rarity of limestone 
distinguishes this package lithologically from underlying 
sedimentary successions of the greater McArthur Basin. 
The Wilton package is correlated with the South Nicholson 
Group (South Nicholson Basin), which outcrops in the 
eastern NT and western Queensland. During 2015, the 
Northern Territory Geological Survey (NTGS) completed 
a systematic study (Munson in press) of all sedimentary 
units of three groups of the Wilton package: the Roper 

Group (McArthur Basin), Tijunna Group (Birrindudu 
Basin) and Renner Group (Tomkinson Province, Tennant 
Region). The main aims of this study were: (1) to collate 
and combine historical and new field-based data in order 
to produce baseline datasets of all stratigraphic units; (2) to 
integrate and interpret geochronological data to assist in the 
determination of sedimentary provenances and maximum 
depositional ages, and to test proposed correlations 
of the successions; and (3) to test and refine existing 
palaeoenvironmental and palaeogeographic interpretations. 
An unnamed group, comprising the Jamison sandstone and 
Hayfield mudstone, that overlies the Roper Group in the 
Beetaloo Sub-basin was also described and reinterpreted. 

The Roper Group is a siliciclastic succession 
characterised by alternating mudrock-rich and cross-bedded 
sandstone formations. The group is subdivided into the lower 
sandstone-rich Collara Subgroup and upper mudrock-rich 
Maiwok Subgroup. Sandstone-dominated units consist of 
cross-bedded, fine- to medium-grained, supermature quartz 
sandstone, deposited in a shoreline to shallow-marine inner 
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shelf setting. They are commonly capped by thin intertidal 
to emergent facies. Mudrock-rich units are dominated 
by commonly interlaminated and interbedded claystone, 
siltstone and minor fine-grained sandstone. Abundant 
evidence for periodic and regular current activity indicates 
deposition mostly from wave-induced density flows or 
turbidity currents and from suspension in a shallow-marine 
mud-dominated shelf setting. 

The sandstone-rich Jamison sandstone and mudrock-rich 
Hayfield mudstone form a subsurface sedimentary package 
that unconformably overlies the Roper Group. They consist 
of alternating fine- and coarser-grained siliciclastic rocks 
that were deposited in environments similar to those of 
the Roper Group. However the quartz-lithic sandstones are 
distinctly less mature than typical Roper Group sandstones. 

Alternating cross-bedded quartz sandstone- and 
mudrock-dominated units of the relatively thin Tijunna 
Group are similar to those that characterise the Roper 
Group; they were deposited in similar shoreface to shallow-
marine shelf settings. 

Sandstone- and subordinate mudrock-rich units of the 
Renner Group are characterised by having a relatively 
high proportion of interpreted intertidal, supratidal and 
fluvial facies compared to the Roper and Tijunna groups, 
in addition to shallow-marine shelf and shoreline facies. 
Interpreted shallow to emergent palaeoenvironments for 
this group might indicate either a general proximity to a 
basin margin or that the underlying Daly Waters High may 
have been a significant topographic feature at the time of 
deposition.

Detrital-zircon geochronology

LA-ICPMS U-Pb detrital zircon analyses were conducted 
on samples from representative sandstone units of the 
Roper, Renner and Tijunna groups (Figure 2) with the 
aim of determining maximum depositional ages and more 
usefully, gaining information on possible provenance. 
Analytical procedures and basic results are documented in 
Munson et al (in prep). Additional SHRIMP detrital zircon 
analytical data for the Stubb Formation (Carson 2013) and 
upper Velkerri Formation (Fanning 2012) were included 
and reinterpreted in the context of the entire dataset. A 
comparative relative probability diagram of detrital zircon 
data from all samples (Figure 3) enables the following 
conclusions to be drawn: 

• Relative probability curves for the five Collara Subgroup 
(Roper Group) samples form a distinctive signature. 
Maximum depositional ages (MDA) are generally 
ca 1600 Ma or greater. More than 90% of analysed zircons 
are older than 1700 Ma; the majority form prominent 
peaks with maxima in the range 1950–1700 Ma. 
Transgressive sediments of the basal Phelp Sandstone 
sampled a wide range of basement terranes as shown by 
presence of numerous scattered individual and clustered 
analyses ranging through the Palaeoproterozoic to the 
Archaean.

• Relative probability curves for the four Maiwok 
Subgroup samples also have a distinctive signature. 

MDAs are generally in the range ca 1590–1530 Ma. The 
curves form very broad, complex irregular peaks with a 
number of maxima in the range ca 1900–1550 Ma. The 
percentage of analysed zircons older than 1700 Ma is 
generally in the range ca 70–80%, markedly less than 
that of the Collara Subgroup. 

• Relative probability curves for the two units of the 
Tijunna Group (Wondoan Hill Formation, Stubb 
Formation) are dominated by broad irregular peaks 
with maxima in the range ca 1950–1550 Ma and closely 
resemble those of the Maiwok Subgroup. 

• Relative probability curves for Renner Group 
formations support their tentative correlation by Hussey 
et al (2001) with Roper Group units. The curves for 
two older Renner Group units (Gleeson Formation, 
upper Grayling member of Baralandji Formation) are 
very similar to those of the Collara Subgroup; they are 
dominated by broad irregular peaks with maxima in 
the range 1950 –1700 Ma and more than 90% of zircon 
analyses older than 1700 Ma. The curve for the younger 
Jangirulu Formation more closely resembles those of the 
Maiwok Subgroup than the Collara Subgroup; it is most 
similar to that of the Bessie Creek Sandstone with which 
it has been correlated (Hussey et al 2001).

• Relative probability curves for the unnamed group 
(Jamison sandstone, Hayfield mudstone) in the Beetaloo 
Sub-basin indicate that this is a distinct sedimentary 
package, significantly younger than the Maiwok 
Subgroup. Conservative MDAs and youngest zircons 
are late Mesoproterozoic (Stenian); this supports a 
latest Mesoproterozoic to Neoproterozoic age for this 
group. An older prominent peak at ca 1595 Ma is very 
distinctive and common to all three samples. Two 
samples have relatively young prominent peaks at 
ca 1186 Ma and 1162 Ma respectively. Fewer than 12% 
of analysed zircons are older than 1700 Ma.

• The lower Jamison sandstone was identified by Gorter 
and Grey (2012) as probable Bukalorkmi Sandstone, a 
unit near the top of the Roper Group that is exposed to 
the north of the Beetaloo Sub-basin. However the detrital 
zircon spectrum differs significantly from that of the 
Bukalorkmi Sandstone (sampled from the type section) 
and from the typical signature of the Maiwok Subgroup 
in general. In particular, it lacks broad complex peaks 
with maxima between 1900 and 1700 Ma.

• Overall, detrital zircon geochronology conducted 
systematically through the sedimentary succession 
offers good potential for intrabasinal correlation with 
resolution at subgroup scale.

Provenance

The presence of older palaeoproterozoic and Archaean 
zircons throughout the Wilton package supports previous 
interpretations (Cawood and Korsch 2008, Kositcin et al 
2013, Carson 2013, Whelan et al 2014, Kraus et al 2015) that 
rocks of these ages formed a widespread contiguous basement 
of the North Australian Craton (NAC). Older zircons tend 
to be more abundant towards the base of successions above 
significant unconformities; they were presumably derived 
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Figure 2. Simplified stratigraphic columns for Tijunna, Renner and Roper groups, showing intervals sampled for detrital zircon 
geochronology. Previously determined absolute dates are included at approximate levels sampled.
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from Archaean terranes or older sedimentary rocks that were 
uplifted and exposed during deformation events. The small 
cluster of older zircons at ca 3100 Ma in the Stubb Formation 
(Tijunna Group) indicates a source older than any rocks yet 
recognised in the NT, possibly the Pilbara region of Western 
Australia. The relative abundance of these Archaean zircons 
in the Tijunna Group is consistent with its geographical 

proximity to potential sources areas in Western Australia. 
Major peaks for the Collara Subgroup and Renner Group 

are present in the range 1950–1700 Ma; major peaks for 
the Maiwok Subgroup and Tijunna Group are in the range 
1950 –1550 Ma. These all form a typical NAC basement 
signature that cannot be easily refined on these data. There 
are a number of source terranes in the NAC that produced 
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Figure 3. Comparative relative probability diagram of detrital zircon data arranged in stratigraphic order for Roper Group (green 
polygons), overlying ungrouped sedimentary rocks (mauve), Renner Group (yellow) and Tijunna Group (pink). Not to scale vertically. 
Stubb Formation plot derived from tabulated data in Carson (2013: supplementary papers); upper Velkerri Formation plot derived from 
tabulated data in Fanning (2012); NTGS analyses after Munson et al (in prep). Percentage of concordant analyses (n) on right. Irregular 
dotted line (left) indicates assigned MDA for each sample; isolated younger analysed zircons also indicated where not coincident with 
the MDA. Vertical red dashed line is 1700 Ma; percentages (right) indicate proportion of analysed zircons >1700 Ma for each sample.
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magmatic zircons at these times including the Tanami Region, 
Mount Isa Province, Pine Creek Orogen, Arnhem Province, 
Aileron Province, Warumpi Province, Tennant Region and 
Musgrave Province. Sedimentological and palaeogeographic 
interpretations indicate a general, non-specific southerly to 
southeasterly source, at least for the Roper and Renner group 
successions.

There is a conspicuous lack of older Palaeoproterozoic 
and Archaean zircons in the ungrouped units in the Beetaloo 
Sub-basin; this indicates a significant shift in provenance 
for this younger sedimentary package through a change 
in sediment pathways and/or burial of older source areas. 
Major peaks for the ungrouped units overlying the Roper 
Group in the Beetaloo Sub-basin occur at ca 1590 Ma and 
ca 1090 –1160 Ma. The most likely provenances for zircons 
of these ages are the Musgrave Province (see Pell et al 1997) 
and possibly the central-southern Arunta Region (see Wong 
et al 2015). 

Palaeogeography

The Wilton package was deposited in a vast anorogenic 
intracratonic basin (Figure 2) floored entirely by Archaean–
Palaeoproterozoic rocks of the NAC. Evidence for a marine 
setting includes the presence of glauconite and marine 
microfossils at numerous stratigraphic levels, the high 
compositional maturity of the sandstones, and the lateral 
extensiveness of this facies. The various successions are 
characterised by: (1) a repetitive alternation of fine- and 
coarse-grained intervals; (2) deposition in a relatively 
narrow range of environments from marine shelf to shoreline 
to, rarely, continental or fluvial; and (3) lateral continuity 
of units over hundreds to thousands of square kilometres. 
There is no evidence for continental slope or deep basin 
deposits as are typical outboard of present-day open-marine 
continental shelves. In the Beetaloo Sub-basin, a greater 
rate of subsidence is indicated by greater thicknesses of 
strata, but the succession of facies is the same as in other 
areas of deposition indicating that rates of deposition were 
generally equivalent to rates of subsidence. 

The depositional limits of the package are unclear. 
Marginal facies (eg shoreline, emergent) are recognised in 
the vertical succession, but do not generally form mappable 
areas that delineate palaeoshorelines from laterally more 
distal facies for any particular time period. Marginal facies 
are more abundant in the Renner Group than elsewhere 
in the basin suggesting that more of this succession was 
deposited at or closer to palaeoshorelines than other parts of 
the exposed Wilton package.

In a large-scale regional sense, the Wilton package is 
broadly wedge-shaped, with the thickest sections in the 
southeast and south, thinning slightly into the Beetaloo 
Sub-basin in more central areas, then thinning further to west, 
north and east. The Renner Group in the central-south has a 
maximum (composite) thickness of greater than ca 3500 m 
(Hussey et al 2001). Thickness decreases northwards to 
ca 3000 m in the central areas of the Beetaloo Sub-basin 
(Silverman et al 2007), to nearly 1800 m in central areas of the 
McArthur Basin (Abbott et al 2001), and to ca 900 m further 
to the north (Rawlings et al 1997, Sweet et al 1999) where 

the top of the group is truncated from either erosion or non-
deposition. To the west, the Wilton package thins to less than 
300 m in the Birrindudu Basin (Tijunna Group). To the east of 
the Beetaloo Sub-basin, the thickness of the package decreases 
under cover to about 1000 m at the limits of seismic coverage 
in the eastern McArthur Basin (Rawlings et al 2004). 

Depositional model

A restricted or partly restricted, or anoxic depositional 
environment with fluctuating salinities is indicated by 
geochemical studies (Donnelly and Crick 1988, Lambert 
and Donnelly 1992, Revie 2015a, b) and by the presence 
of synaeresis cracks at numerous stratigraphic levels. 
This is indicative of an enclosed marine basin, physically 
restricted to some extent by land or by chains of islands 
while retaining some connection with the open ocean (see 
Allen and Allen 2013). In this model, inflow and outflow 
of freshwater from rivers and seawater would have resulted 
in fluctuating salinities and would have largely determined 
whether the enclosed basin was oxic or anoxic at various 
times. If outflow of freshwater as a surface layer exceeded 
the inflow of deeper saline water, water stratification would 
have been likely, leading to anoxic conditions; present-day 
examples of anoxic enclosed basins include the Baltic and 
Black seas. If inflow of seawater exceeded the outflow of 
freshwater, water stratification is less likely to develop and 
oxic conditions would have resulted; present-day examples 
of oxic enclosed basins include the Red Sea, Mediterranean 
Sea and Persian Gulf. An analogous Australian example 
of an enclosed basin is the Neoproterozoic Centralian A 
Superbasin (Walter et al 1995, Munson et al 2013) that 
partially geographically overlaps the Wilton package; it had 
a similar vast areal extent, relatively shallow interpreted 
depths and a restricted connection to open ocean waters.

A shoreline–shelf depositional model similar to that 
characterising most modern shelfal systems (see Patruno 
et al 2015) can be applied to the Wilton package whereby 
overall aggradation of shelfal strata was generated by the 
vertical stacking of successive shoreline and subaqueous 
clinothem sets. Progradation of the successions resulted 
from the repeated, regressive–transgressive transit of deltas 
and shorelines across the shallow-marine shelf. Figure 4 
shows typical cross-sectional morphology and geometry 
of present-day subaerial and subaqueous delta clinothems, 
and summarises the oceanographic environmental features 
controlling their development. 

References

Abbott ST, Sweet IP, Plumb KA, Young DN, Cutovinos A, 
Ferenczi PA, Brakel A and Pietsch BA, 2001. Roper 
Region-Urapunga and Roper River Special, Northern 
Territory (Second Edition). 1:250 000 geological map series 
and explanatory notes, SD/53-10, 11. Northern Territory 
Geological Survey and Australian Geological Survey 
Organisation (National Geoscience Mapping Accord).

Allen PA and Allen JR, 2013. Basin analysis: Principles 
and application to petroleum play assessment. Third 
edition. Wiley Blackwell, Chichester, UK.



89

AGES 2016 Proceedings, NT Geological Survey

Betts PG, Armit RJ and Ailleres L, 2015. Potential-field 
interpretation mapping of the greater McArthur Basin. 
PGN Geoscience Report 15/2014: in ‘Geophysical 
and structural interpretation of the greater McArthur 
Basin’. Northern Territory Geological Survey, Digital 
Information Package DIP 015.

Carson CJ, 2013. The Victoria and Birrindudu Basins, 
Victoria River region, Northern Territory, Australia: 
a SHRIMP U–Pb detrital zircon and Sm–Nd study. 
Australian Journal of Earth Sciences 60, 175–196.

Cawood PA and Korsch RJ, 2008. Assembling Australia: 

Proterozoic building of a continent. Precambrian 
Research 166, 1–38.

Donnelly TH and Crick IH, 1988. Depositional environment 
of the Middle Proterozoic Velkerri Formation in northern 
Australia: geochemical evidence. Precambrian Research 
42, 165–172.

Fanning CM, 2012. SHRIMP U-Pb zircon age determinations 
on detrital zircons from drill core sample ALT-051. ANU 
Research School of Earth Sciences, PRISE Report 12-260. 
Esso Australia. Northern Territory Geological Survey, 
Core Sampling Report CSR0211.

mean sea level

delta top and terrestrial facies

coastal currents

upwelling currents

downwelling currents

offshore 
currents

shoreface / delta front facies

offshore transition and offshore facies

sub-aqueous
rollover line

main
sediment
source

onlap on
marine substrate

distance offshore

w
at

er
 d

ep
th

shoreline

deepening of to
pset a

nd ro
llover p

oint

incre
asin

g to
pset-to

eset d
ista

nce

A15-209a.ai

a

b subaerial delta
clinoform (upper)

rollover

subaerial delta
clinoform lower rollover

/ downlap

subaqueous delta
clinoform (upper)

rollover

subaqueous delta
clinoform lower rollover

/ downlap

mid-outer shelf

2–60 m

20–100 m

inner shelf / prodelta

m
or

ph
ol

og
y

en
vi

ro
nm

en
ts

subaqueous delta top

subaqueous delta clinoformssubaerial delta (or shoreline) clinoforms

subaerial delta
rollover point
subaqueous delta
rollover point

offshore
currents

waves

S H E L F

subaqueous
delta slope

(subaerial)
delta
slope

(subaerial)
delta top

coastal plain /
delta plain

shoreface
/ delta
front

shoreline
break

mid-shelf slope
/ prodelta slope

sea level
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and subaqueous delta clinoforms (after Patruno et al 2015: figure 1B, modified from Helland-Hansen and Hampson 2009).
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Abstract

The Proterozoic McArthur Group and Roper Group in the 
Northern Territory (NT) have been the focus of sporadic 
exploration for a number of decades with consistent oil and 
gas shows in exploration wells that have proven multiple 
working petroleum systems. Early exploration targeted 
conventional plays and mapped structural closures; however, 
since the mid- to late-2000s exploration has been primarily 
focused on unconventional Source Rock Reservoirs (SRR) 
or shale gas plays. One of the play targets of particular 
interest is the Mesoproterozoic Velkerri Formation of 
the Beetaloo Sub-basin (Beetaloo). The unique geologic 
history of the Beetaloo region has preserved source rocks 
from the Proterozoic that have been subject to relatively 
limited tectonic activity while still burying and maintaining 
them within the gas window. This play has seen relatively 
consistent levels of activity over a number of years, yielding 
encouraging results.

Even though the hydrocarbon potential of the Velkerri 
Formation has been known from outcrop and both petroleum 
and mineral exploration wells drilled since the 1970s, Origin 
Energy Ltd’s exploration program in 2015 has provided new 
insights into the prospectivity of the play. Origin acquired 
extensive wireline data, sidewall core and full core data in 
addition to undertaking real-time geochemical analysis 
of cuttings while drilling. These results indicate reservoir 
intervals contain gas-saturated, quartz-rich source rocks 
that are mature for gas over extensive areas, providing 
an excellent exploration target with material volumetric 
upside. Additional information from acquisition of pressured 
sidewall cores and diagnostic fracture injectivity tests (DFIT) 
complemented the reservoir assessment, yielding accurate 
data on gas composition, saturation and an estimate of pore 
pressure.

This paper provides insights into and results from an 
active exploration program in Australia’s most prospective 
frontier basin for unconventional gas. The Mesoproterozoic 
age of the target source rocks makes the exploration 
unique and presents a number of technical and operational 
challenges.

Introduction

Unconventional resources have been recognised across 
many Australian sedimentary basins with the Energy 
Information Administration (EIA) estimating a technically 
recoverable shale gas resource of >400 Tcf. Activity has 
primarily been concentrated across basins in Western 
Australia, South Australia and the Northern Territory. 
Mirroring the variable results achieved internationally, 
there have been successful flow tests reported in the Cooper 

Basin (SA), Perth Basin (WA), Fitzroy Trough/Canning 
Basin (WA) and McArthur Basin (NT), but disappointing 
results in the Kidson Sub-basin/Canning Basin (WA) and 
Georgina Basin (NT). Even though positive results often 
require more detailed analysis to determine if there has 
been a ‘true’ shale gas play tested, technical successes 
have encouraged interest and investment in shale gas 
exploration in Australia.

The greater McArthur Basin, and primarily the 
Beetaloo Sub-basin, has experienced the highest level of oil 
and gas exploration activity in the NT outside the Amadeus 
Basin. Initial exploration was limited to conventional leads 
that recognised the presence of multiple proven petroleum 
systems. The last decade has seen a focus shift primarily 
to the exploration of unconventional oil and gas resources, 
primarily in the Proterozoic source rocks of the Barney 
Creek, Velkerri and Kyalla formations.

In 2014, Origin and Sasol Ltd farmed into three 
exploration permits (EP98, EP117 and EP76 – the 
‘Permits’), that were held by Falcon Oil & Gas Ltd over the 
most prospective core of the Velkerri and Kyalla formation 
play fairways (Figure 1). Other operators exploring the 
Beetaloo region and focused on the Velkerri Formation play 
in particular include Santos Ltd, Pangaea (NT) Pty Ltd and 
INPEX Corporation. Since Falcon Oil & Gas successfully 
tested the Shenandoah-1A well in 2011, there have been 
nine exploration wells drilled into the Velkerri Formation 
by Santos, Origin and Pangaea.

Origin’s first drilling campaign, completed in 2015, 
included three exploration wells in EP98, two vertical and 
one horizontal (Figure 2). Results of the wells are positive 
and encouraging gas-in-place metrics were observed; 
however, substantial further work is required to continue 
to assess the key risk of delivering commercial flow rates 
from multi-stage fracture stimulated horizontal wells.

2015 Campaign highlights 

Results from two vertical wells and one horizontal 
well support the presence, lateral continuity and good 
reservoir and completion quality of the Velkerri Play. 
Petrophysical evaluation and core analysis indicate good 
reservoir properties (porosity, saturation), organic content 
(oil- to gas-mature Type I–II oil-prone source rocks), and 
a mineralogy conducive to stimulation (relatively low-
clay quartz-rich mudstone to siltstone lithologies) that 
compares favourably with North American plays (Table 1).

The Kyalla Formation, a secondary target in the 
exploration program, was characterised by very high 
mud gas shows while drilling. Moreover, elastic log data 
suggest that despite relatively high clay contents, hydraulic 
fracture stimulation of the lower Kyalla Formation might 
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be effective (Table 1). Based on maturity indicators, the 
Kyalla Play is in the volatile oil to wet gas window, with 
fairways coincident with the current extent of the Beetaloo 
JV permits (Figure 3). 

Despite potential challenges to commercialisation at 
shallower depths (ie challenges in the volatile oil window 
due to limited gas drive), the potential for a stacked play 
opportunity with a liquids-rich upside in the deeper parts 
of the basin provides the Beetaloo JV with a technically 
diverse opportunity. 

Petrophysical data show upwards of 7% total and 4% 
gas-filled porosity in the middle Velkerri Formation. 
Average gas in place estimated from the petrophysical 
model aligns with the total gas content derived from direct 
measurements of pressurised sidewall cores. Furthermore, 
geomechanical proxies including Poisson’s Ratio and 
Young’s Modulus are within ranges where brittle behaviour 
conducive to hydraulic fracturing is expected. 

Core evaluation confirms the excellent quality of the 
Velkerri and Kyalla formation source rocks. Rock-Eval 
pyrolysis indicates that both source rocks contain Type I-II 
kerogen material with average TOC values ranging from 
1–10% in the middle Velkerri Member and 1–3.5% in the 
Kyalla Formation. Basin modelling and thermal maturity 
assessment based on alginite reflectance, associated 
bituminite and bitumen, suggests the Kyalla Formation is 
mature for oil generation, whereas the Velkerri Formation 
is gas mature to over-mature. 

Petrographic evaluation including thin section and 
Ar-ion milled scanning electron microscopy (SEM) image 
analysis show that the middle Velkerri is dominated by 
siliceous mudstone to siltstone lithologies. Facies typically 
display massive to laminated textures and well developed, 
organic-hosted micron-sized porosity (Figure 4). 
Quantitative X-ray diffraction (XRD) results show that 
reservoir intervals typically have a mineral composition of 

Figure 1. Extent of the Beetaloo JV’s 
NT permits.

Figure 2. Kalala S-1 and Amungee NW-1 vertical exploration 
wells, drilled in 2015, illustrate continuity of three organic-rich 
intervals (A, B, and C shales) in middle Velkerri Formation across 
EP98 in north of Beetaloo Sub-basin. 
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60–80% quartz, 20–30% clays and trace to 10% carbonate 
and other accessory minerals (ie pyrite and feldspars). The 
observed mineral composition is analogous to successful 
North American plays (Table 1).

Stress and pore pressure characterisation based on 
Diagnostic Fracture Injection Tests (DFIT), breakout 
modelling and image log-based fracture evaluation provides 
strong evidence in support of the middle Velkerri Member 
being both overpressured and in a normal to strike-slip 
stress regime. Evidence for a normal to strike slip stress 
regime includes:

• closure pressure estimates from DFIT data, 
• vertical fracture height growth and reactivation of 

conjugate fracture sets observed after an open-hole 
DFIT that was imaged during wireline logging,

• critically stressed fracture analysis. 

The reactivation of conjugate fractures observed in image 
log data over the interval tested with the open-hole DFIT 
as well as the interpreted closure of the transverse fractures 
and the primary fracture from the DFIT, both support a 
fairly isotropic horizontal stresses. The primary direction 
of fracture growth observed in image log data also aligns 
with the average breakout orientation observed in image log 
data; this indicates a maximum horizontal stress orientation 
of northeast (north 45º east).

Understanding of the stress orientation, in addition to 
a detailed understanding of the reservoir and completion 
quality of the three primary organic-rich intervals within 
the middle Velkerri Formation, was critical to the planning 
and successful completion of the first horizontal well in 
the Beetaloo Sub-basin. The horizontal well was landed 
and geosteered within the sweetspot of the middle Velkerri 
B shale over a 1200 m lateral section, as indicated by 
consistently high gas shows and resistivity throughout the 
section. 

Despite the overall success of the 2015 exploration 
campaign, drilling activities saw a number of technical 
and operational challenges. Drilling the top-hole section 
in particular was difficult due to the presence of lateritic 
clays at surface overlying cavernous limestone. Additional 
challenges through the production hole include very 
abrasive, sometimes water-bearing sandstones and thin 
dolerite sills that reduce drilling rates considerably. 

Conclusions 

The Proterozoic source rocks of NT basins provide a 
number of attractive targets for unconventional gas 
exploration. Origin is in the early stages of an exploration 
program focused on the core of the Beetaloo Sub-basin. 
Initial results from two vertical exploration wells and 
the first horizontal well in the sub-basin are positive and 

Shale Marcellus1 Barnett1 Fayetteville1 Middle Velkerri 
Member

B Shale Kyalla Formation 
(Amungee NW-1)

Basin/area Appalachian 
Basin

Fort Worth 
Basin Texas

Arkoma Basin 
Arkansas

Beetaloo Sub-basin 
Northern Territory 

Beetaloo Sub-basin 
Northern Territory

Beetaloo Sub-basin 
Northern Territory

Age Devonian Mississippian Mississippian Mesoproterozoic Mesoproterozoic Mesoproterozoic
Estimated basin area (km2) 246,050 12,950 23,310 17,0704 17,0704 12,000
Typical depth for shale gas (m) 1220 - 2590 1980 - 2590 1,735 1000 - 2500 2418 1000 - 1400
Gross thickness (m) 60 60 - 305 15 - 100 45 - > 420 30 100 - 750
Net thickness (m) 15 - 105 (45) 30 - 215 (90) 5 - 60 (40) 60 - 86 (73)2 30 ---
Reported gas contents (scf/ton) 60 - 150 300 - 350 60 - 220 1002 148 ---
Adsorbed gas (%) 45 55 50 - 70 502 45 ---
Free gas (%) 55 45 30 - 50 502 55 ---
Porosity (%) 4.0 - 12.0 (6.2) 4.0 - 6.0 (5.0) 2.0 - 8.0 (6.0) 2.0 - 8.0 7.0 - 7.1 2.0 - 10.0
Permeability range (average) 
(nD) 0 - 70 (20) 0 - 100 (50) 1 - 100 (50) 10 - 100 (50) 10 - 100 (50) ---

Pressure gradient (psi/ft) 0.61 0.48 0.44 0.532 0.53 ---
Gas-filled porosity (%) 4.0 5.0 4.5 2.52 3.6 - 4.1 ---
Water saturation (%) 43 38 70 582 43 ---
Oil saturation (%) 1.0 10.0 < 1.0 0 0 ---
Reported silica content (%) 37 45 35 49 (1.0 - 77) 54 (48 - 59) 49 (18 - 71)
Reported clay content (%) 35 25 38 35 (1.1 - 80) 29 (27 - 32) 56 (17 - 79)
Reported carbonate content (%) 25 15 12 Tr (Tr - 12.3) 1 (Tr - 4) 1 (0 - 22)
Chlorite (%) 20 (0 - 50) 2 (0 - 20) 20 (5 - 40) 3 (Tr - 40) 3 (3 - 4) 8 (3 - 14)
%Ro (average-range) 1.5 (0.9 - 5.0) 1.6 (0.85 - 2.1) 2.5 (2.0 - 4.5) 1.5 - > 2.53 2.0 - 2.33 1.0 - 1.63

HI present-day 20 45 15 20 22 102
TOC present-day (average 
in wt%)

4.01 (2.0 - 13.0) 3.74 (3.0 - 
12.0)

3.77 (2.0 - 10.0) 3.74 (1.0 - 10) 4.05 (3.8 - 4.1) 2.17 (1.0 - 3.5)

S1 present-day + S2 present-
day (mg/g) 1.23 1.95 0.35 0.89 1.04 3.24

GIP from gas contents 
(average bcf/section) 130 150 - 200 55 1262 31 ---

1 Souce: Jarvie 2012
2 Origin Energy Ltd estimated average values from C, B, and A shale in Kalala S-1 and Amungee NW-1
3 Value represent Equiv. %Ro estimated from alginite reflectance
4 Based on Beetaloo JV permit area

Table 1. Comparison of key reservoir properties of Velkerri and Kyalla formations and a number of North American plays.
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Figure 4. Petrographic analysis 
of samples from middle Velkerri 
Formation in Kalala S-1. (a-b) Thin 
sections (plane polarized light) show 
facies are dominated by siliceous 
mudstone to siltstone lithologies 
with common massive to laminated 
textures. (b) Close-up of red box in 
(a). (c) Ion-milled scanning electron 
microscopic (back-scatter mode) 
images illustrating the location of 
organic-hosted porosity (arrows).

suggest the potential for a multi-Tcf play in the middle 
Velkerri Formation. Notwithstanding the positive results 
from Origin’s 2015 exploration campaign, there remain 
numerous technical and non-technical challenges to 
commercialisation, and substantial work remains to be 
completed to definitively test the Velkerri Play and other 
plays in the sub-basin.
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Figure 3. Extent of the Velkerri (left) and Kyalla (right) play fairways. Based on mud gas and maturity indicators, the Velkerri play is 
interpreted to be within the dry to wet gas window whereas the Kyalla play is in the volatile oil to wet gas window. Fairways in both 
plays are coincident with the current extent of the Beetaloo JV permits. Background is SEEBASETM depth-to-basin image (after Pryor 
and Loutit 2005).
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Figure 1. Location of the greater McArthur Basin, NT, Australia. 

Significant potential for unconventional hydrocarbon 
resources exists in the underexplored Proterozoic source 
rocks of the large and poorly exposed greater McArthur 
Basin of the Northern Territory, Australia (Figure 1). 

Advances in hydrocarbon extraction technologies 
for shale gas has encouraged exploration in remote 
frontier basins such as the greater McArthur Basin. As 
a consequence of favourable economic conditions, there 
was a significant increase in onshore exploration for 
unconventional resources in the Northern Territory from 
2012 to 2015, particularly in the Beetaloo Sub-basin, the 
depocentre of the highly prospective Mesoproterozoic 
Roper Group (Figure 2).  

The Northern Territory Geological Survey (NTGS) 
is currently assessing the Palaeo-Mesoproterozoic shales 
of the greater McArthur Basin for the potential to host 

self-sourced, continuous, shale hydrocarbon plays. This 
assessment process consisted of compilation of data from 
drill and core sample reports together with the analysis 
of core from previous exploration activity in the region. 
Historical petroleum and mineral exploration drill cores 
from the greater McArthur Basin have been re-examined 
and extensively sampled.  Direct measurements from this 
sampling has provided determinations for total organic 
carbon (TOC), brittle and clay mineral content, shale 
maturity, kerogen types, fluid and gas contents, permeability 
and porosity, and mechanical rock properties. 

The newly acquired data has been combined with 
historical data and complied in the NTGS product DIP014 
(Revie 2015).  This combined dataset has been used to 
compare measurements and data from the shales of the greater  
McArthur Basin to that of productive shale gas systems present 
in North America and elsewhere worldwide. The comparable 
characteristics considered as indicators for productive shale 
gas systems, as outlined by Jarvie (2012), are:

i. marine shales commonly described as type II 
organic matter (Hydrogen Index original value (HIo): 
250 –800 mg hydrocarbon/g TOC)

ii. organic rich source rock [>2 wt.% present-day TOC 
(TOCpd)]

iii. within the gas window [>1.4% equivalent vitrinite 
reflectance (Roe)]

iv. low oil saturations (<5% So)
v. significant silica content (>30%) with some carbonate 

presence
vi. non-swelling clays
vii. low permeability (<1000-ηd)
viii. less than 15% porosity, more typically about 4–7%
ix. gas-in-place (GIP) values more than 100 bcf/section
x. 45+ m of organic rich mudstone
xi. slightly to highly overpressured
xii. very high first-year decline rates (>60%)
xiii. consistent or known principle stress fields
xiv. drilled away from structures or faulting
xv. continuous mappable systems.

Several of these characteristics have been identified in 
historical reporting and from the recent sampling of cores 
held in the NTGS and Geoscience Australia core facilities. 
This has yielded information that can be modelled to 
gain insight into the potential for the shale and siltstone 
formations of the greater McArthur Basin to host shale gas 
resources. 

Using this methodology, early analysis of shale 
formations within the Mesoproterozoic Roper Group 
have emphasised the potential of the Velkerri and Kyalla 
formations. Thick endowments of effective mudstone/
siltstone/shale with TOC >2 wt % and with favourable 
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Figure 2. Historical chart of McArthur Basin petroleum wells spudded versus average crude oil price (Brent) from 1984 to 2016. 
The introduction of slickwater hydraulic fracturing in 1997, combined with favourable oil prices contributed to the increased global 
exploration for hydrocarbons within shale formations.

Figure 3. Stratigraphic column of the Roper Group of the McArthur Basin, adapted from Munson (2014).
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mineralogy, permeability and porosity, have been identified 
within the Velkerri Formation. These endowments have 
been informally divided into the upper, middle and lower 
organofacies. Thick organic-rich deposits of the Kyalla and 
Velkerri formations have been intersected over interval 
greater than 750 m thickness (eg 843 m Kyalla Formation 
in drillhole Shenandoah-1, 753 m Velkerri Formation in 
drillhole Sever-1) (Figure 3).  

Reconstruction of original source-rock generative 
potential for the Roper Group shales was conducted using 
the DIP014 dataset. The original quantity of organic 
carbon (TOCo) and quality (HIo) of the organic matter 
prior to thermal maturity was estimated using the mass-
balance equations of Peters et al (2005). The results of 
the reconstruction indicate that the Roper Group contains 
formations with HIo value ranging between 300–900 mg 
HC/g TOC, representative of Type II and Type I/II 

kerogens. This is supported by the present-day HI and 
OI values obtained from Rock-Eval pyrolysis for the 
Velkerri Formation of the Roper Group (Figure 4a). The 
Proterozoic age of the sediments predate the appearance 
of terrestrial plants thus restricting the organic matter to 
Type I and II sapropelic kerogen.

Pyrolysis results are complemented by elemental 
analysis of kerogen (for elements C, H, N, O, S) to further 
constrain kerogen type and thermal maturity. Elemental 
kerogen analysis of selected samples taken from the Kyalla 
and Velkerri formations indicate a range of maturities 
are present within the formations. Results range between 
thermally immature to overmature with the middle and 
lower units of Kyalla Formation and Velkerri Formation 
returning results >1.4% Roe  (Figure 4b). 

The TOCpd values of formations of the Roper Group other 
than the Velkerri and Kyalla, namely the Chambers River, 
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Figure 4. (a) HI versus OI of the Velkerri Formation of the Roper Group. Present-day HI and OI values are shown. Kerogen type II and 
I / II are present indicating oil- and oil/ gas- prone source rocks. (b) Van Krevelen diagram of the Kyalla and Velkerri formations indicating 
kerogen type and thermal maturity from selected samples. Dashed lines are isorank lines based on vitrinite reflectance %Ro. Thermal 
maturity migration pathways increase toward the bottom left-hand corner of the diagram. (c) Present-day TOC content for other formations 
of the Roper Group indicate insufficient organic matter to be a significant source for petroleum. (d) Present-day TOC content of sampled 
Velkerri and Kyalla formations of the Roper Group. (e) Depth versus organic reflectance data of bituminite and alginites (shown in vitrinite 
reflectance equivalence value) for the Kyalla and Velkerri formations of the Roper Group. (f) Ternary plot of quartz/carbonate/clay mineral 
content of the Velkerri and Kyalla formations. The pink quadrant represents favourable mineralogy for hosting shale gas plays.



AGES 2016 Proceedings, NT Geological Survey

98

-14°

132° 133° 134° 135° 136°

-16°

-15°

-17°

12LE001

82/1
82/2

82/3

82/4

99VRNTGSDDH2

Alexander 1

Altree  2

Balmain 1

BCF SC 02
BCF SC 05

BH1

BMR Urapunga 1

BMR Urapunga 2

BMR Urapunga 3

Borrowdale  2

Broughton 1

Burdo  1
Chanin  1

DD001A

DD94RK2

DDH1

DDH14 - 44

DW D1

Elliott  1

FFD4

Jamison  1

MANBULLOO S1

McA1

MD1A

MD2

MD4

RH9

Sever  1
TRD2

YED1

ZK4001

BH1

Velkerri Formation middle not present greater McArthur Basin
Beetaloo Sub-basin

collar location

Mesozoic–Cenozoic

Neoproterozoic–Palaeozoic

Palaeo–Mesoproterozoic basins

Palaeo–Mesoproterozoic orogens

>4% TOC

2–4% TOC

1–2% TOC

0.5–1% TOC

0–0.5% TOC

A16-071.ai

0 50 100

kilometres

0

-4,000

-6,000

-8,000

-10,000

-2,000

Depth (m)

Figure 5. TOCpd 2D sub-surface map of the Velkerri Formation middle unit in the McArthur Basin. 

Corcoran, Crawford, Jalboi, Mainoru formations and the 
Hayfield Mudstone, are dominated by values within the poor 
(0–0.5 wt.%) to fair (0.5–1 wt.%) range (Figure 4c). Original 
TOC (TOCo) values of these formations can be up to 50% 
higher than present day values depending on maturation and 
expulsion of hydrocarbons. The TOCo values are mostly within 
the fair to good range when applying a maximum HIo value 
of 600 mg HC/g TOC in mass-balance equations to calculate 
original TOCo values for these other formations. This indicates 
that the formations did not have sufficient organic matter to be 
significant petroleum source rocks. In contrast, the Velkerri 
and Kyalla formations of the Roper Group have TOCpd values 
in the very good (3–4 wt. %) to excellent (>4 wt. %) range 
(Figure 4d). These two formations satisfy the minimum TOC 
requirements to be considered as potential petroleum source 
rocks for shale gas plays; they are currently the primary focus 
for exploration in the Beetaloo Sub-basin.

Bituminite and lamalginite/alginite maceral reflectance 
values from organic petrography of samples taken from the 

Roper Group indicate a range of maturities; the reflectance 
values also confirm the presence of kerogen type I/II in the 
sediments. Several samples from the Kyalla and Velkerri 
formations have reflectance values greater than the 1.4% Ro 
gas-window; the highest values are from samples taken 
from depths greater than 1400 m (Figure 4e). 

Recovery of hydrocarbons from a shale gas play requires 
engineering solutions such as hydraulic fracturing to 
liberate gas from tight geology. Current usage of hydraulic 
fracturing is successful in specific mineral conditions where 
a highly brittle tenacity allows the procedures to propagate 
fracturing rather than plastically deform the rock.  Rock 
brittleness is a function of clay and silica content. X-ray 
diffraction (XRD) was used to determine the bulk and clay 
mineral content of core samples. XRD analysis of samples 
from the Kyalla and Velkerri formations indicate that the 
Velkerri Formation middle unit has favourable mineralogy 
for hosting potential shale gas plays, including high quartz 
(>30%)/low clay mineral content (<30%) (Figure 4f). The 
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Black Sea, a modern-day analogue of the 
McArthur Basin. TOC concentrations are 
highest in the deepest regions of the basin at 
water depths up to >1 km below a stratified 
water body (Allen and Allen 2013).

Kyalla Formation returned XRD results indicating >30% 
clay mineral content; however the bulk of the clay fraction 
is composed mainly of non-swelling clays and therefore 
technological advancements in extraction of hydrocarbons 
in the future may see an increase in the formation’s potential.

A combination of seismic data, historical and new 
well sample data together with modern sedimentary basin 
analogues have been used for mapping interpretations of 
2D sub-surface maps of TOCpd in the Velkerri Formation 
middle unit (Figure 5). The seismic data indicates that the 
stratigraphy in the Roper Group is continuously mappable, 
largely flat-lying and relatively undisturbed away from major 
fault systems. The newly acquired data is useful for defining 
the depositional environment of the sediments. The Velkerri 
Formation mudstones were deposited in an enclosed marine 
basin with a positive water balance where the outflow of 
fresh water exceeds the relatively small inflow of deeper 
saline water forming a stratified water column and anoxic 
conditions. Modern day analogues of this depositional 
environment include the Black Sea and Lake Maracaibo 
(Venezuela) where the enclosed marine basin maintains a 
physically restricted connection to the open sea with limited 
water exchange (Allen and Allen 2013, Figure 6). 

Current exploration programs underway in the greater 
McArthur Basin will eventually yield new information 
regarding the formation pressure, GIP values and well 
decline rates of the areas targeted in drilling programs. 
This valuable information cannot be readily discerned from 

sampling existing core that has been stored for up to five 
decades in the tropical atmospheric conditions in Darwin. 

This ongoing study of the Palaeo-Mesoproterozoic shales 
of the greater McArthur Basin has combined new and existing 
data with the application of new analytical techniques, 
approaches and ideas to improve the understanding of the 
regional-scale geology and basin architecture with the aim 
of identifying previously unrecognised unconventional gas 
plays. 
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There has been very limited burial history modelling on 
the Mesoproterozoic Roper Group succession (referred to 
hereafter as Roper Basin); as a result the impact of major 
burial events and heat flow on the timing of hydrocarbon 
generation from the middle Velkerri Formation source 
rocks has been very poorly understood.  Most recently, 

Silverman et al (2007) published burial history models 
for the McManus-1 and Jamison-1 wells, located in the 
central and northern portions of the Beetaloo Sub-basin 
respectively (Figure 1).  Both of these models showed two 
burial events, one during the Mesoproterozoic associated 
with the deposition of the Roper Basin, and another 

Figure 1.  Regional geological map showing the location of the Roper Group, Beetaloo Sub-basin and Neoproterozoic basins along with 
the key reference wells.
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during the Cambrian associated with the deposition of the 
Georgina Basin (part of the Centralian A Superbasin).  The 
two models also show that the middle Velkerri Formation 
source rocks commence generation during the deposition 
of the Hayfield mudstone in both well locations, while the 
Kyalla Formation shale commenced generation during the 
later stage of Roper Basin deposition (timing not specified) 
in Jamison-1 and during the Cambrian in McManus-1.   

While the Silverman et al (2007) basin models are 
useful as a guide to the possible timing of generation from 
the Roper Basin source rocks, recent seismic and well data 
collected by Pangaea (NT) Pty Ltd, age dating and province 
work by Carson (2013) and Munson (in press), along with 
the other more recent mapping and improved correlation of 
the Proterozoic sequences across northern Australia, allow 
more detailed burial history models to be constructed.  
Based on this work, Pangaea produced a number of burial 
history models for petroleum wells that Pangaea drilled in 
the western Roper Basin succession (west of the Daly Waters 
Arch), and for other pre-existing wells in the Beetaloo 
Sub-basin region.  

This abstract presents details on the burial history 
results for one of Pangaea’s wells, Tarlee-S3.  Results 
include possible timing of hydrocarbon generation from 
the middle Velkerri Formation, along with the justification 
for the inputs to the models such as burial events and heat 
flow.  For Tarlee-S3, two basin models are presented.  Both 
models have the same heat flow applied over time, while the 
depth of burial events vary post the deposition of the Roper 
Basin during the Mesoproterozoic.  

Mesoproterozoic burial event

The burial history during the Mesoproterozoic is relatively 
well constrained due to the limited amount of likely uplift 
and erosion interpreted away from the basin margins, and 
due to the timing of major structural features that occurred 
post deposition (eg Daly Waters Arch).  For both of the basin 
models produced by Pangaea, only a few hundred metres of 
erosion has been modelled for the end of the Mesoproterozoic 
(Figure 2 and 3).  Both of the burial history models are the 
same in terms of sedimentation and heat flow during the 
Mesoproterozoic.  

Evidence for a Neoproterozoic burial event

The Silverman et al (2005) burial history models grouped 
the Jamison sandstone and the Hayfield mudstone into the 
Mesoproterozoic Roper Basin depositional event; increasing 
the amount of sedimentation and hydrocarbon generation 
at this time.  However, seismic data, well correlations 
and detrital zircon geochronological studies indicate that 
grouping the Jamison sandstone and Hayfield mudstone into 
the Mesoproterozoic Roper Basin is likely incorrect.  Carson 
(2013) interprets the Jasper Gorge Sandstone in the Victoria 
Basin to the west of the study area as being the basal unit 
of the Supersequence 1 of the Neoproterozoic Centralian A 
Superbasin, based on detrital zircon geochronological data 
compared to the Heavitree Quartzite in the Amadeus Basin.  
Detrital zircon geochronology conducted by Munson (in 

press) on the Jamison sandstone and Hayfield mudstone 
also appear very similar to the Jasper Gorge Sandstone and 
other Neoproterozoic Supersequence 1 basal units.  Other 
evidence indicating that the Jamison sandstone and Hayfield 
mudstone are part of the Neoproterozoic Centralian Basin 
system is the striking similarity in wireline character 
between the Jasper Gorge Sandstone and the overlying 
Angalarri Siltstone in the Bullo River-1 well in the Victoria 
Basin with the Jamison sandstone and Hayfield mudstone 
log response from wells in the Beetaloo Sub-basin region 
(Figure 4).  There is also seismic evidence that a regional 
unconformity exists at the base of the Jamison sandstone.  
This unconformity is more easily observed around the basin 
margins and structural highs, particularly at McManus-1 and 
Walton-2 where the unconformity has removed the upper 
Roper Basin sequences down to the lower Kyalla Shale/
Moroak sandstone in McManus-1, and down to the middle 
Velkerri Formation in the structurally higher Walton-2.  
The truncation of folds in the underlying Mesoproterozoic 
sequence at Walton-2 and other areas within the basin by the 
Jamison unconformity provides evidence that a significant 
regional tectonic event and hiatus occurred towards the 
end of the Mesoproterozoic.  This deformation event may 
be related to the Musgrave Orogeny (~1200 Ma–1050 Ma).  
In addition, the onset of oil window maturity at ~400 m in 
Walton-2 and McManus-1 (based on Rock-Eval pyrolysis 
data) suggests that the maximum maturity/burial event had 
to occur after the Mesoproterozoic deposition in this area, 
either in the Neoproterozoic or Cambrian.  

The present-day preserved thickness of the interpreted 
Neoproterozoic sequence (Jamison sandstone and Hayfield 
mudstone) varies significantly across the basin.  The 
sequence is 539 m thick in Balmain-1 in the central Beetaloo 
Sub-basin while only a 142 m thick in Tarlee-S3.  The cross-
section in Figure 4 shows that the equivalent sequence in 
Bullo River-1 is presently 850 m thick. The Jasper Gorge 
Sandstone and the lower Angalarri Siltstone have very 
similar thickness to the equivalent markers in Shortland-1.  
This implies that at least in some areas overlying the Roper 
Basin, greater than 800 m of sediment was likely deposited 
during the early Neoproterozoic.  For the Tarlee-S3 burial 
history models, 700 m of Neoproterozoic deposition was 
used in Model 1 and 1000 m in Model 2 (Figure 2 and 3).   

Evidence for a significant Cambrian-Ordovician burial 
event

A possible third significant burial event occurred during 
the deposition of the Cambrian–Ordovician Daly/Georgina 
Basin (Centralian B Superbasin).  In the Silverman et al 
(2007) burial models, approximately 400–700 m of Cambrian 
deposition was used, close to the present-day thickness of the 
Cambrian sequence in the Beetaloo Sub-basin.  However, 
regionally thick sequences of Cambrian to Ordovician 
rocks are preserved in the Daly Basin (~1000 m) to the 
northwest of Tarlee-S3 and in the Wiso Basin to the south.  
These rock sequences are significantly thicker than the 234 
m at Tarlee-S3 possible due to uplift and erosion around 
the Tarlee-S3 location as this area lies along a present-day 
saddle between the Daly and Wiso basins. 
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Figure 2.  Model 1- (a) Modelled temperature over time. (b) thermal maturity over time.

a

b
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Figure 3.  Model 2- (a) Modelled temperature over time. (b) thermal maturity over time.

a

b
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To help determine the impact of burial thickness on 
hydrocarbon generation at this time, Tarlee-S3 burial 
history Model 1 uses 1200 m of Cambrian-Ordovician 
sediment deposition and Model 2 uses 900 m.    

Heat flow and thermal history

McLaren et al (2003) show that almost all Australian 
Proterozoic terranes are characterised by anomalous 
concentrations of heat-producing elements. Most terranes 
have experienced very low average levels of denudation 
(~10–15 km) consequently most of the enriched granitic 
mid-upper crust is preserved.  Hence, the Roper Basin region 
shows some of the highest present-day heat flow in Australia.  
McLaren et al (2003) have also shown that the present-day 
Proterozoic terrane heat flow is around 80–85 mWm-2 with 
the crustal contribution averaging 50 –70 mWm-2.  During 
the Proterozoic, this crustal contribution was likely to have 
been greater.  

Based on work by McLaren et al (2003), a 112 mWm- 2 

heat flow was applied to both models during the 
Mesoproterozoic with the heat flow decreasing over time 
(Figure 5).  An additional heat flow pulse was assumed 
to have occurred during the Cambrian associated with 
a large continental hot spot during the extrusion of the 
Antrim Plateau Volcanics over a large portion of northern 
Australia.  An additional heat flow pulse was also applied 
to the late Mesoproterozoic to correspond with the Derim 
Derim Dolerite sill emplacement (1324 Ma); however, this 
appeared to have less of an impact on the final modelled 
heat flow (Figure 5).

Hydrocarbon generation events

There is evidence for multiple hydrocarbon generation 
events in the Roper Basin succession.  Alkane ratios from 
extracts from the residual hydrocarbons in the Jamison-1 
well show a mixture of two generations of oil, with one 

Figure 4.  Interpreted Neoproterozoic correlation between Shortland-1 in the Beetaloo Sub-basin and Bullo River-1 in the Victoria River Basin.
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Figure 5.  (a) Heat flow model input and (b) modelled heat flow.
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being more biodegraded than the other (Lanigan and 
Torkington 1991).  This suggests that multiple (at least two) 
hydrocarbon generation events have occurred in the basin 
within this area.  Also, bitumen has been observed in the 
Antrim Plateau Volcanics (Mathews 2009) within the region 
of Tarlee-S3 well, which if sourced from the Proterozoic 
(Kyalla Formation shale or middle Velkerri Formation), 
would indicate a hydrocarbon generation event may have 
occurred during the Phanerozoic. 

Based on the burial history models for Tarlee-S3, it 
likely that during the Mesoproterozoic, the middle Velkerri 
Formation source rocks possibly reached the oil to the 
wet gas maturity window (0.8–1.3 VRe) (Figure 2 and 3).   
Model 1 has less Neoproterozoic burial than Model 2 and 
would have had primary generation and secondary cracking 
oil and wet gas during this time.  The middle Velkerri 
Formation has been modelled at ~1.0 VRe at the top of the 
unit and ~1.6 VRe at the base during the Neoproterozoic.  
For Model 1, at least 1200 m of burial had to occur during 
the Cambrian-Ordovician, along with a significant heat 
flow event, to match the present present-day maturity and 
temperature observed in the well (Figure 6).

For Model 2, additional burial (1000 m) was applied 
to the Neoproterozoic resulting in the top of the middle 
Velkerri reaching approximately 1.2 VRe and the base 
reaching approximately 1.75 VRe during this time.  Model 2 
had less deposition during the Cambrian-Ordovician 
(900 m) resulting in the model slightly underestimating the 
present-day thermal maturity (Figure 7). 

For there to have been no Cambrian-Ordovician hydrocarbon 
generation event, an additional 550–600 m of deposition would 
need to have occurred during the Mesoproterozoic to reach 
the present-day maturity observed at Tarlee-S3. Alternatively, 
250–300 m of additional basin fill would be required during 
the Neoproterozoic otherwise a significant increase in the heat 
flow (or in combination with additional deposition) during the 
Proterozoic would be required to reach the present-day thermal 
maturity observed in Tarlee-S3.

Conclusions

It is possible that middle Velkerri Formation source rocks at 
Tarlee-S3 and also other areas of the Roper Basin succession 
have undergone primary and secondary hydrocarbon 
generation across two or possibly three major burial events.  
It is likely that the middle Velkerri Formation source rocks 
reached the oil to wet gas window during the Mesoproterozoic 
depositional event with additional primary and secondary 
cracking of hydrocarbons during the Neoproterozoic and/or 
Cambrian-Ordovician.  For hydrocarbon generation to have 
occurred during the Cambrian, at least 1200 m of Cambrian-
Ordovician deposition had to occur along with an increase 
in heat flow associated with a continental hot spot related to 
the extrusion of the Antrim Plateau Volcanics.   

Regardless of the timing of generation, large quantities 
of oil and gas are still present in the middle Velkerri 
Formation source rocks.  This may be related to hydrocarbon 
generation occurring during the more recent burial event in 

Figure 6.  Model 1- (a) Modelled temperature versus depth matches with well temperature data. (b) Modelled maturity (VRe) matches 
the well data.
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the Cambrian-Ordovician or the Neoproterozoic, and/or due 
to the thick (200–400 m) clay-rich upper and lower Velkerri 
Formation top and base seals.  

The Tarlee-S3 burial history models show that even 
though the middle Velkerri source rocks were deposited 
~1400 Ma years ago, final hydrocarbon generation (primary 
and secondary) could have occurred almost 900–1000 Ma 
year later in the Phanerozoic. 
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Introduction

Plants and animals are a  prominent part of regolith and 
landscapes across most terrestrial settings. Their use as 
mineral exploration and environmental chemistry sampling 
media has previously gained mixed support in Australia; 
however, they have numerous advantages for use due to:

• widespread cover across the landscape
• easy access to samples that in many cases are easy to 

take
• an ability to construct chemical pathways that penetrate 

regolith (especially sedimentary cover) to the underlying 
mineral system targets

• an ability to selectively extract and concentrate some 
elements

• an ability to amalgamate a chemical signature from an 
enlarged sampling area (potentially achieving greater 
site representation and reducing potential problems 
with heterogeneous sample media, leading to ‘nugget 
effects’)

• minimal site disturbance and remediation costs 
associated with sampling

• some proven exploration success for a wide range of 
flora and fauna species, chemical elements, regolith-
landform settings and mineralisation styles.

Further details on biogeochemistry techniques and case 
studies for mineral exploration can be found in Dunn (2007).

This presentation considers the use of plants and animal 
samples in mineral exploration programs and in regional pre-
competitive geoscience (‘base line’) surveys, with particular 
emphasis on settings, and flora and fauna communities and 
species that are widespread in the Northern Territory.

Studies within regional plant communities

A range of plant communities and target species have been 
examined in the Northern Territory and equivalent parts of 
Australia. These include:

• Eucalyptus / Corymbia Open Forest and Woodlands
These communities are widespread in northern regions 
where mostly a range of Eucalyptus and Corymbia species 
have been applied.  This includes examples with implications 
for uranium and gold exploration from the Arnhemland and 
Pine Creek regions.

A study by Debnam (1955) sampled a very large 
range of species and their organs from known uranium 
mineralisation and exploration targets at Rum Jungle, 
Adelaide River, Brooks Creek, Sleisbeck, The ABC area 
and Howard Springs.  Samples were ashed and analysis 

was by fluorescence techniques for uranium only.  The 
highlight of that study was the discovery that Xanthostemon 
paradoxus is a uranium accumulator tree.  Debnam (1955) 
also found leaves to be the most useful biogeochemical 
sampling organ, but concluded that soil sampling was more 
useful in mineral exploration programs.  The improvements 
in biogeochemical analytical techniques since that study 
mean that the results from this study warrants further 
investigation.   

In a study at Ranger by Cruickshank and Pyke (1986), 
Eucalyptus miniata and Melaleuca viridiflora were included 
in the sample suite of species.  Of these two species, only 
E miniata was considered to provide a suitable distinction 
between ‘background’ and mineralisation based on uranium 
content of plant tissue.

Two further biogeochemical studies from the Pine Creek 
Orogen included plant biogeochemistry (Reid 2009) and 
termitaria (Petts 2009) for gold exploration near Adelaide 
River and Pine Creek.

• Acacia woodlands
Acacia woodlands are widespread in semi-arid regions where 
mostly mulga (Acacia aneura) and other acacia species has 
been applied due to their widespread distribution.  Examples 
include applications for gold and uranium exploration 
particularly from the Alice Springs region, and a regional 
pilot study in the South Australian part of the Musgraves 
Province testing the chemical fertility of buried mafic dykes.

• Hummock-grasslands (typically with tall open shrubland 
overstorey)  

These are one of the most widespread plant communities of 
inland Australia. Spinifex (Triodia spp) have been widely 
tested, particularly for gold mineralisation occurrences 
in the Tanami, as well as in regional sampling in South 
Australian parts of the Musgraves Province.

• Chenopod shrublands  
Areas dominated by bluebush (Maireana spp) and saltbush 
(Atriplex spp) are widespread, especially across lowlands 
with fine grained sediments.  They have been widely tested 
in parts of South Australia and western New South Wales 
(eg Hill et al 2008, Fabris et al 2008, Sheard et al 2008) 
for exploration for a wide range of mineralisation styles, 
and therefore have important implications for parts of the 
Northern Territory.

Some themes and challenges for further investigation

Some of the themes and challenges for developing the 
biogeochemical techniques for use in further application 
include:
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• Accounting for seasonality and how this has an impact 
on the availability of different plant organs for sampling 
as well as the biogeochemical characteristics.

• Accounting for longer term climatic cycles, such as 
El Niño and La Nina, where buried mineralisation may 
still be expressed but with significant variations in trace 
element concentrations (eg Mitchell et al 2015).

• Normalisation or compatibility of results from different 
surveys to allow for broad compilation and comparison.  
This would be essential for developing useful regional 
data sets.  Potential exists here for use of different 
element ratios and factors rather than single elemental 
concentrations

• Confidence in representative and optimal sampling.
• Applications across a range of scales from regional scale 

to prospect scale.
• The important controls on biogeochemical expression 

from geological variability, such as depth of cover, 
target mineralogy, and groundwater hydrological and 
hydrogeochemical (eg salinity) settings (e.g. McLennan 
et al 2013), to name but a few.
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The Lake Mackay Project is located approximately 400 km 
west-northwest of Alice Springs in the southwestern Aileron 
Province (Figure 1). In 2013, it consisted of 7247 km2 of 
granted exploration tenements and 4981 km2 of tenement 
applications held by ABM Resources NL (ABM).

In 2012, Independence Group NL (IGO) identified 
the Lake Mackay Project as being highly prospective 
for significant gold deposits. This area was considered a 
compelling target for the following reasons:

1. The Paleoproterozoic units within the southwestern 
Aileron Province are considered to be lateral equivalents 
of the Killi Killi Formation in the Tanami Region.

2. The large contiguous land package provides belt-scale 
opportunities.

3. Significant portions of the project are unexplored.
4. It is prospective for a range of commodities and styles of 

mineralisation including:
• orogenic shear-hosted gold
• intrusion-related gold
• iron oxide copper gold (IOCG)
• ultramafic intrusion-related Ni-Cu-PGE.

Based on this rationale, ABM was approached and a 
confidentiality agreement was signed.  An Option agreement 
was signed with ABM in August 2013 that gave IGO a two 
year period to determine if it wanted to enter into the Lake 
Mackay joint venture (JV).  

The objective during the Option period was to confirm the 
potential of the Lake Mackay Project to contain a significant 
deposit by August 2015. Due to the remote location of the 
project area, the best primary target was considered to be a 
relatively shallow, large and/or high-grade orogenic shear-
hosted gold deposit. Soil geochemistry was selected as the 
preferred technique to screen a large area rapidly because 
this target style would not be directly detectable using 
geophysics.

The two-year exploration plan involved soil sampling 
Project areas that had not been systematically sampled by 
previous explorers. Two phases of orientation sampling were 
undertaken over known prospects to select an appropriate 
surface geochemical technique for this environment. 
Reconnaissance sampling was conducted on an 800 m 
grid. Anomalous areas underwent several phases of infill 
soil sampling and coherent soil anomalies were tested for 
bedrock mineralisation by air core drilling.

Soil sampling was undertaken by XM Logistics using 
All-Terrain Vehicles supported from mobile camps that 
were established along temporary cross-country tracks. 
This eliminated the requirement for clearing of access tracks 
for reconnaissance exploration. The elements selected for 
analysis were Au, Ag, As, Bi, Ca, Cu, Fe, Ni, Pb and Zn. 
This allowed for the identification of gold pathfinders and 
potential base metals deposits. 

During the option period, a total of 9251 reconnaissance 
soil samples, 8084 infill soil samples and 225 rock samples 
were collected. The gold results from the reconnaissance 
program (Figure 2) returned a mean value of 0.36 ppb Au 
with 0.81 ppb Au (ie 2 standard deviations above the mean) 
considered anomalous at this sample density. 

An anomalous Ag-Co-Mn-Ni rock chip collected in 
2014 from a laterite on the Andrew Young Igneous Complex 
(AYIC) prompted the opportunistic pegging of tenement 
applications. Open ground interpreted to host AYIC 
adjoining EL24915 was pegged.

Air core drilling was undertaken by Bostech Drilling 
Australia Pty Ltd. Their equipment could operate on 
temporary cross-country tracks and eliminated the need 
to clear access tracks. Drilling was conducted on the 
existing Tekapo prospect and at 19 new targets (Figure 3). 
This consisted of 235 holes for a total of 15 548 m drilled. 
Anomalous mineralisation was identified on the Bumblebee, 
Springer and Prowl prospects (Table 1), all located within 
EL24915.

Figure 1. Regional geological map 
showing location of Lake Mackay 
Project tenements in 2013.
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Prospect Hole No Depth 
From (m)

Depth To   
(m)

Width 
(m)

Au (g/t) Ag (g/t) Cu 
(%)

Pb 
(%)

Zn 
(%)

Bi 
(%)

Co
 (%)

Bumblebee 15LMAC030 29 31 2 1.3 34.6 7.43 1.32 1.6 0.08 0.09

 15LMAC031 35 42 7 3.29 37.7 3.25 0.87 1.34 0.09 0.08

 15LMAC032 56 61 5 2.37 12.4 1.43 0.19 0.97 0.04 0.1

  65 66 1 2.05 2.53 0.03 0.12 0.01 0 NA

Springer 15LMAC033 19 20 1 2.75 0.18 0.04 0 0 0 0

 15LMAC034 51 52 1 1.35 0.16 0.01 0 0 0 0

Prowl 15LMAC071 7 8 1 2.42 <0.05 0 0 0.01 0 0

 15LMAC073 27 28 1 3.43 0.46 0.02 0 0.01 0.01 0

Figure 2. Reconnaissance soil gold 
(ppb) grid.

Figure 3. Drilling locations with 
anomalous targets labeled.

Table 1. Significant drill intercepts from prospects in EL24915. 
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The Bumblebee Prospect (Figure 4) returned the most 
significant drill results with preliminary interpretation 
suggesting an affinity to an IOCG style of mineralisation. 

Subsequent to the Bumblebee discovery, the Option 
Period was extended and a JV with Castile Resources 
Pty Ltd was also initiated covering an adjoining tenement 
application. 

Figure 4. Simplified cross section of 
Bumblebee Prospect.

Figure 5. Current Project tenements with active prospects on grayscale Total Magnetic Intensity First Vertical Derivative draped 
on Pseudocolour Bouger Gravity First Vertical Derivative upward continued to 250 m. Granted tenement brown outline, application 
tenement black outline. 

The focus for future work is now on the Aileron 
Province along the Central Australian Suture that forms 
the boundary with the Warumpi Province. This area has 
a significant amount of Du Faur Suite amphibolites and 
interpreted AYIC that can be seen in the regional gravity 
data. The tenement package included in the Project has 
subsequently been amended so that exploration can be 
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focused on the most prospective area with early indications 
of a new emerging mineral belt (Figure 5). 

The Project now consists of 518 km2 of granted 
tenements and 5662 km2 of tenement applications to secure 
all of the most prospective ground in this district. This 
new project area coincides with the western end of Zone 3 
that was identified in the ‘IOCG potential of the Southern 
Arunta Region’ by Geoscience Australia in 2013 (Figure 
6). At that time, Zone 3 was not associated with known 
copper-gold mineralisation.

Further work will involve orientation geophysics 
and additional drilling at Bumblebee to confirm the 
mineralisation style. The results from this work will allow 
the development of a plan to most effectively test this new 
target area once the tenement applications are granted.
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The Northern Territory Geological Survey (NTGS) has an 
ongoing geochronology and isotope geochemistry program. 
This program is carried out in support of NTGS regional 
geoscientific studies under the Creating Opportunities 
for Resource Exploration (CORE) initiative. Over the last 
decade the geochronology program has evolved from a 
collaboration between NTGS and Geoscience Australia 
to carry out SHRIMP (sensitive high resolution ion 
microprobe) zircon and monazite geochronology to an active 
and diverse program involving collaborations with multiple 
stakeholders in government, academia and industry. These 
collaborations deliver high-quality SHRIMP, LA-ICPMS 
(laser ablation inductively coupled mass spectrometry) 
U-Pb-Hf, TIMS (thermal ionisation mass spectrometry) 
and SIMS (secondary ion mass spectrometry) U-Pb-Hf-O 
isotopic data for a variety of minerals including zircon, 
baddeleyite, monazite, titanate and other accessory 
minerals. Dating of such minerals can provide quantitative 
constraints on the timing of geological processes including 
sedimentation, magmatism, deformation, metamorphism, 
mineralisation and alteration. Furthermore, U-Pb dating 
can be augmented with zircon Hf-O isotope analyses to 
provide further information about source region(s) post-
emplacement hydrothermal and metamorphic events, 
crustal growth and recycling episodes.

In the last 5 years, NTGS has been involved in a number of 
targeted geochronology projects involving collaborations with 
industry and academic partners, including Cameco Australia 
Pty Ltd, TNG Limited, University of Western Australia, and 
University of Melbourne. In addition, NTGS has contributed 
to a project involving a global consortium to fingerprint Large 
Igneous Provinces (LIP) through time. This project aims to 
provide a barcode of LIP events for individual crustal elements 
through time to assist in palaeoreconstructions back to 2.7 Ga 
(www.supercontinent.org). 

New zircon and baddeleyite dating carried out on 
selected samples from the Pine Creek Orogen, greater 
McArthur Basin, Tanami and Arunta regions, has yielded a 
range of ages spanning the Neoarchean to Mesoproterozoic 
(Figure 1). Samples were selected to determine: the age of 
prospective stratigraphy; the timing of voluminous mafic 
magmatism; or to test the age, relationship and source 
regions available for melting between previously identified 
disparate fragments of Neoarchaean basement. 

Neoarchean

Neoarchean basement comprises a small proportion of 
the outcrop in the Northern Territory and has only been 

identified in the Pine Creek Orogen (Ahmad and Hollis 2013, 
and references therein) and the Tanami Region (Billabong 
Complex; Page et al 1995, Kositcin et al 2013, Whelan et al 
2014) of the North Australian Craton (NAC; Figure 1). 

Biotite gneiss, Nimbuwah Domain, Pine Creek Orogen

The Nimbuwah Domain of the Pine Creek Orogen hosts 
a number of world-class uranium deposits including 
Ranger 3, Jabiluka, Koongara and two other significant 
deposits, Nabarlek and Ranger 1 (Figure 1) all of which 
are in the Alligator River Uranium Field. These deposits 
are interpreted to be unconformity-related and hosted in 
metasedimentary rocks of the Cahill Formation, Nourlangie 
Schist, and equivalents (Ahmad and Hollis 2013). 
Mineralisation occurs close to the regional unconformity 
with the overlying Kombolgie Subgroup of the McArthur 
Basin, and is spatially associated with Neoarchean granitic 
gneisses (Figure 1; Nanambu Complex, Arrarra, Kukalak 
and Njibinjibinj gneisses; Hollis and Glass 2012.

Recent drilling by Cameco Australia Pty Ltd 10 km 
west of the King River prospect (Figure 1) intersected 
largely homogeneous biotite gneiss underneath Cretaceous 
cover in an area where the ca 2640 Ma Arrarra Gneiss is 
interpreted to extend undercover. Discontinuous 2–5 m 
wide zones of mafic amphibolite and muscovite-bearing 
gneiss occur within this otherwise homogenous unit. 
The NTGS has undertaken petrographic studies, whole-
rock geochemistry and LA-ICPMS U-Pb zircon dating of 
a sample of the unnamed biotite gneiss from the interval 
173.10–174.05 m in diamond drillhole KRDD1281 in order 
to further characterise the gneiss and compare it with 
known Neoarchean stratigraphy. 

The biotite-gneiss comprises K-feldspar-plagioclase-
quartz-biotite and rare cordierite; the pervasive gneissosity 
is cross-cut by an anastomosing network of quartz-calcite 
veins. Geochemically, the biotite gneiss is remarkably 
similar to the Arrarra and Kukalak gneisses in most respects; 
applying the classification of Frost et al (2001), the unnamed 
biotite gneiss is weakly peraluminous (aluminium saturation 
index, ASI>1, ASI<1.2), has calc-alkalic to calcic affinities, 
and is magnesian (cf Hollis and Glass 2012). Heavy rare 
earth elements (HREE) in the biotite gneiss are depleted, 
though not to the same extent as those reported by Hollis and 
Glass (2012) for the Arrarra and Kukalak gneisses (Arrarra 
Gneiss, [Gd/Lu]N 2.6–5.5; Kukalak Gneiss [Gd/Lu]N 3.4 –8.9, 
unnamed biotite gneiss [Gd/Lu]N 2.5). Furthermore, the 
dated sample has less silica and greater alumina content in 
comparison to both the Kukalak and Arrarra gneisses. 
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LA-ICPMS U-Pb zircon dating yielded evidence for 
two zircon age populations. An inherited population has 
individual zircon dates ranging from ca 2647–2552 Ma; 
a second population, interpreted to record the timing of 
magmatic crystallisation, yielded a 207Pb/206Pb weighted 
mean age of 2497 ± 3.9 Ma; a  (2σ, MSWD = 1.5, n = 18; 
Whelan et al in prep a). 

This new age data suggests that the unit intersected in drill 
core is significantly younger than the ca 2640 Ma Arrarra 
Gneiss; however, it may represent a slightly younger phase 
of the ca 2524–2510 Ma Kukalak Gneiss, or alternatively a 
previously unrecognised unit. Inherited zircon ages in the 
biotite gneiss are consistent with xenocrystic zircons derived 
from assimilation of the ca 2640 Ma Arrarra Gneiss. The 
Arrarra and Kukalak gneisses are difficult to distinguish 
from each other on the basis of whole-rock geochemistry, 
but have distinct Nd-isotopic compositions. The Arrarra 
Gneiss is characterised by a juvenile isotopic signature (εNd 
= +2.93), in contrast with the Kukalak gneiss which has a 
more evolved signature (εNd = -1.3 to -0.70). Whole-rock 
Nd isotopic determinations for the biotite gneiss and zircon 
Hf data should therefore further constrain the source of its 
xenocrystic zircons. Though no contact relationships were 
observed between the Arrarra and Kukalak gneisses during 
NTGS mapping (Hollis and Glass 2012), these new age data 
and the interpretation that the unnamed biotite gneiss may 
represent a younger phase of the Kukalak Gneiss, coupled 
with evidence for metamorphic zircon growth (Arrarra 
Gneiss, Hollis et al 2009; Carson et al 2010; Hollis and Glass 
2012), all support the contention that the Kukalak Geniss 
intrudes the Arrarra Gneiss. NTGS will be conducting 
further isotopic studies (wholerock Nd and zircon Hf) to 
test this hypothesis. 

Billabong Complex, Tanami Region

Poorly exposed felsic gneisses outcropping southwest of the 
De Bavay Hills in the Tanami Region (Figure 1) represent 
the only known Neoarchean basement in the Northern 
Territory outside the Pine Creek Orogen. The Billabong 
Complex is interpreted to extend under cover for ~200 km2; 
it includes a small number of exposed tors and pavements 
consisting of biotite- and tourmaline-bearing gneissic 
granite (Ahmad et al 2013a). Previous SHIRMP U-Pb 
dating of the Billabong Complex yielded a crystallisation 
age of 2514 ± 3 Ma (Page et al 1995). 

Recent re-dating of granitic gneiss of the Billabong 
Complex (Figure 1) yielded three distinct age populations.  
A 2532 ± 3 Ma (95% confidence, n = 36, MSWD = 1.19) 
population is interpreted to represent inherited zircon cores. 
These inherited cores are mantled by oscillatory zoned rims 
that are interpreted to record magmatic zircon growth. 
The zoned rims yield the second age population of 2510 ± 
4 Ma (95% confidence, n = 18, MSWD = 0.80, probability 
= 0.69) that is further interpreted as the crystallisation age 
of the igneous protolith to the gneiss (Kositcin et al 2013). 
A third population is less well constrained and represents 
analyses carried out on interpreted metamorphic zircon 
grains and yielded dates ranging from 2481 ± 4 Ma and 
2479 ± 7 Ma (1σ). These are interpreted to record the timing 

of metamorphism of the granitic protolith of the Billabong 
Complex (Kositcin et al 2013). Similar dates were obtained 
from metamorphic zircon rims from the Arrarra Gneiss in 
the Pine Creek Orogen (Carson et al 2010).  

An additional level of information can be gained from 
the U-Pb age data by analysing O and Hf isotopes in situ in 
zircon; this data allows insights into source regions and crust 
formation processes. The majority of magmatic and inherited 
zircon from the Billabong Complex is characterised by a 
range in δ18O values from those typical of mantle-derived 
melts (5.3 ± 0.6 ‰; Valley et al 2005) to low δ18O more 
typical of a hydrothermally altered source (eg Wei et al 2002). 
This feature is also observed for ca 2480 Ma zircon rims, 
interpreted to have crystallised during metamorphism of the 
igneous protolith (Whelan et al 2014). In contrast, a zircon 
rim that crystallised ca 1810 Ma is characterised by δ18O more 
typical of derivation from a significantly reworked source. 
Similarly, zircon Hf isotope data show considerable overlap 
between magmatic and inherited grains with εHf values 
ranging from +2.1 to -5.1 and +1.4 to -5.8 respectively. The 
results of this study coupled with work carried out by Hollis 
et al (2014) show that there is considerable heterogeneity 
in the sources available for melting during the formation of 
Neoarchean basement in the NAC. 

Palaeoproterozoic

Oenpelli Dolerite, Pine Creek Orogen

The Oenpelli Dolerite is a poorly exposed, major high-Ti 
continental tholeiite province that extends over 20 000 km2 
in west Arnhem Land (Stuart-Smith and Fergusson, 1978; 
Figure 1). In the Nimbuwah Domain, the Oenpelli Dolerite 
intrudes the ca 1867–1857 Ma Nimbuwah Complex and 
the Mamadawerre Sandstone of the basal McArthur Basin 
(Hollis and Glass 2012). The Oenpelli Dolerite comprises 
a series of discontinuous sills ranging in composition from 
porphyritic to ophitic olivine dolerite, ophitic gabbro, minor 
olivine-plagioclase cumulates and minor granophyric 
dolerite within zones of quartz dolerite (Stuart-Smith and 
Fergusson 1978, Hollis and Glass 2012). 

The parental magma of the Oenpelli Dolerite is 
interpreted to have equilibrated at depths <15 km and to 
have been emplaced at high level (1–2 km depth) where the 
magmas evolved further via polybaric olivine fractionation 
(Stuart-Smith and Fergusson 1978). The Oenpelli Dolerite 
has OIB (Ocean Island Basalt)-like affinities and is 
interpreted to have been emplaced in an intraplate setting 
(Hollis and Glass 2012). 

A sample of the Oenpelli Dolerite was obtained from 
diamond drill hole KRD0770 (216–218 m; drilled by Cameco 
Australia Pty Ltd; Figure 1) located ~10 km south of Aurari 
Bay in Wellington range8 and ~60 km northeast of Oenpelli 
(Figure 1). Four fractions, each comprising 1–3 grains 
of baddeleyite underwent conventional TIMS (thermal 
ionisation mass spectrometry) U-Pb dating and yielded an 

8 Names of 1:250 000 and 1:100 000 mapsheets are shown in 
large and small capital letters, respectively, eg MILLINGIMBI, 
Wellington range.
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age of 1735 ± 3 Ma (2σ; Whelan et al in press b). This age is 
similar to that reported for a sample of unnamed dolerite for 
the Narbarlek mine site that yielded a TIMS U-Pb baddeleyite 
age of 1723 ± 6 Ma (Page 1994). However, the unnamed 
dolerite at Nabarlek mine (Figure 1) is geochemically distinct 
from the Oenpelli Dolerite (Hollis and Glass 2012). Further 
investigation is required to assess the relationship between 
these two units, and more generally, the regional distribution 
of the Oenpelli Dolerite in the Pine Creek Orogen.  

Mesoproterozoic

Galiwinku Dolerite

The Galiwinku Dolerite (Goldberg 2010; new name, see 
Appendix) is interpreted to comprise a voluminous dyke 
swarm located in the Arnhem Land (Figure 1). It comprises 
large radiating, mostly sub-surface, northeast and northwest-
trending dykes that intrude the Mamadawerre Sandstone 
of the basal McArthur Basin; they are overlain by the 
Neoproterozoic–Permian Arafura Basin (Goldberg 2010). 
New mapping by NTGS in the Palaeoproterozoic Arnhem 
Province has identified rare dolerite dykes intruding the 
Melville Bay Metamorphics and the Bawaka granite; at these 
locations the dolerite comprises clinopyroxene, plagioclase 
and opaque oxide. The geochemical signature of these dykes 
is indistinguishable from that of the alkaline Galiwinku 
Dolerite. The Galiwinku Dolerite forms an extensive dyke 
swarm characterised by a strong magnetic response and is 
interpreted to converge under cover to a single point or focal 
zone of magmatism offshore beneath the Arafura Basin. 

Galiwinku Dolerite was intersected in drillhole PLD0001, 
drilled by Cameco Australia Pty Ltd approximately 64.5 km 
southeast of Oenpelli Township in HoWsHip (Figure 1). The 
sampled interval (505–506 m) yielded a in situ SIMS U-Pb 
baddeleyite 207Pb/206Pb age of 1329 ± 55 Ma (95% confidence, 
n = 8, MSWD = 1.3; Whelan et al in prep b). A subset of four 
analyses yield a concordia age of 1325 ± 36 Ma (2σ, MSWD 
of concordance 0.19; Whelan et al in prep b). This age is 
indistinguishable within uncertainty from a SHIRMP U-Pb 
baddeleyite age of 1324 ± 4 Ma (Abbott et al 2001) reported 
for the Derim Derim Dolerite (Figure 1) and the peralkaline 
Maningkorrirr and Mudginberri phonolites (Rb-Sr age 1316 

± 40 Ma; Page et al 1980), also exposed in Arnhem Land. 
The Derim Derim Dolerite intrudes the Roper Group of the 
McArthur Basin (Ahmad et al 2013b); the phonolites intrude 
the Nimuwah Complex of the Pine Creek Orogen (Carson 
et al 1999). Mafic alkaline magmatism of a slightly younger 
age is also recognised elsewhere in the greater McArthur 
Basin. Co-funded drilling by Crossland Uranium Mines 
Ltd (now Crossland Strategic Metals Limited) at their Lake 
Woods Project during Round 2 of the Northern Territory 
Government’s Geophysics and Drilling Collaborations 
program intersected an alkali gabbro sill in drillhole 
LWDDH03 (Figure 1; Melville 2010). The sill is interpreted 
to intrude the Wiernty Formation and Jangirulu Formation 
of the Renner Group of the Tomkinson Province. SHRIMP 
U-Pb baddeleyite dating of a sample of alkali gabbro yielded 
a 207Pb/206Pb age of 1295± 14 Ma (Melville 2010).

The Galiwinku Dolerite is interpreted to have potassic 
hawaiite affinities and to have been emplaced in an intraplate 
setting (Hollis and Glass 2012). The crystallisation age of the 
Galiwinku Dolerite reported here supports the contention 
that there is a co-magmatic (not necessarily petrogenetic) 
relationship between the Galiwinku Dolerite and both the 
Maningkorrirr and Mudginberri phonolites exposed in 
MILLINGIMBI and east alligator respectively that are 
interpreted to represent the extreme fractionation products of 
hawaiites (Hollis and Glass 2012).

An assessment of the available geochemical data for 
all examples of ca 1325–1295 Ma alkaline magmatism 
across northern Australia has led to a number of important 
observations. Alkaline gabbros from the Tomkinson 
Province and the Derim Derim Dolerite are high-Ti (Ti/Y 
356–695 and Ti/Y 336–431, respectively). The Galiwinku 
Dolerite, and Maningkorrirr and Mudginberri phonolites 
transition from high- to low-Ti (Ti/Y 237–341 and Ti/Y 
224–667, respectively).  Hollis and Glass (2012) interpret 
the transition in the Galiwinku Dolerite from high- to 
low-Ti to reflect increasing depth of partial melting in the 
source region with deceasing TiO2. The Galiwinku and 
Derim Derim dolerites, and unnamed alkali gabbro from 
the Tomkinson Province all show varying degrees of light 
rare earth element (LREE) enrichment (Figure 2a); this 
coupled with variation in Ce/Pb, is consistent with varying 
degrees of crustal contamination (Figure 2b). In this 
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instance, the alkaline gabbro from the Tomkinson Province 
represents the most contaminated magma, showing 
the largest Pb anomaly and the greatest enrichment in 
LREE. Furthermore, a negative Eu anomaly in this unit is 
indicative of plagioclase fractional crystallisation (Figure 
2a). All three units (Galiwinku and Derim Derim dolerites, 
and the unnamed gabbro) are characterised by positive 
or negligible Nb-Ta anomalies, and relatively high Ce/Pb 
(<11.0) and La/Nb (<1.0), all of which are characteristic of 
intraplate alkaline magmas (Figure 2b). Moreover, using 
the classification of Hollis and Glass (2012), all plot on 
tectonic discrimination diagrams in the field for rift-related 
magmas. Subtle variations in the geochemical signature of 
each unit are interpreted to either reflect differences in the 
geological processes (eg fractional crystallisation, AFC) 
or local source heterogeneities. This new data provides 
evidence for a LIP event after the deposition of the Roper 
and Renner groups and prior to the onset of sedimentation 
in the Arafura and Georgina basins. 

Mount Peake Gabbro, Arunta Region

The Arunta Region of central Australia has emerged in recent 
years as an exciting greenfields province which is highly 
prospective for Cu-(± Au, ± Ag, ± Pb-Zn), Mo-W and V-Ti 
mineralisation.  Drilling by TNG Limited at the Mount Peake 
deposit (Figure 1, 3) has defined a JORC Resource estimate 
of 160 Mt at 0.28% V2O5, 5.3% TiO2 and 23% Fe, of which 
118 Mt is in the Measured category. Mineralisation is hosted 

in Ti-V-rich magnetite and ilmenite within or along grain 
boundaries of titano-magnetite within a layered intrusion 
comprising gabbro, leucogabbro and magnetite-rich olivine 
gabbro (TNG Limited 2013). Though the Mount Peake 
Gabbro (new name, see Appendix) is not exposed at surface, 
it is interpreted by NTGS to intrude meta-sedimentary 
rocks of the Palaeoproterozoic Lander Rock Formation or its 
correlatives.

Co-funded drilling by TNG Limited at their Mount 
Peake project during Round 2 of the Northern Territory 
Government’s Geophysics and Drilling Collaborations 
program intersected magnetite gabbro at a depth of 24 m 
in drillhole SDDD001 (Moyle and Whetherly 2009). NTGS 
have undertaken petrographic, whole-rock geochemical, 
and chronological studies on samples from this core in 
order to help characterise the Mount Peake Gabbro and 
constrain its time of intrusion. Understanding the timing of 
magmatism and the sources of magma involved may have 
regional significance as Ti-V-rich magnetite bodies (that are 
also elevated in Cu+PGEs) occur proximal to the northern 
and southern margins of fractionated gabbro of the ca 
1786 Ma Attutra Metagabbro in the eastern Arunta Region 
(Jervois Ti-V deposit; Figure 3; Hoatson et al 2005). 

A sample of olivine-bearing tholeiitic gabbro with an 
ophitic texture from the Mount Peake Gabbro was targeted for 
dating (Figure 1). LA-ICPMS zircon and baddeleyite dating 
of an apparently massive gabbro from the interval 83.25 to 
204.21 m yielded magmatic 207Pb/206Pb crystallisation ages 
of 1053 ± 24 Ma and 1062 ± 21 Ma respectively (Beyer et al 
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in press). That the ages are within uncertainty is consistent 
with the interpretation that they both record magmatic 
crystallisation at this time. This igneous crystallisation age 
is one of the youngest reported for mafic magmatism in the 
Aileron Province of the Arunta Region. The age for the 
Mount Peake Gabbro is within uncertainty of the Sm-Nd 
mineral isochron age reported for the Stuart Pass Dolerite 
1076 ± 33 Ma (Figure 1, 3; Zhao and McCulloch 1993) 
which intrudes Palaeo- to Mesoproterozoic rocks of the 
Aileron and Warumpi provinces (Figure 1, 3). However, the 
age is also consistent with mafic magmatism associated with 
the ca 1085–1040 Ma Giles Event in the Musgrave Province 
where all magmatic units emplaced at this time have been 
grouped into the Warakurna Supersuite (Howard et al 
2011; Figure 4). The Warakurna Supersuite includes mafic 
to ultramafic intrusions of ca 1080–1070 Ma Warakurna 
LIP (Figure 3; Wingate et al 2004; Smithies et al 2015) 
that is widespread throughout the Musgrave Province; the 
Warakurna LIP is also interpreted to include sills and dykes 
intruding Palaeo- to Neoproterozoic stratigraphy of the 
Capricorn Orogen in Western Australia (Cawood and Tyler 
2004; Figure 3). 

In the Musgrave Province, the Wakarkurna LIP (Figure 3) 
includes ca 1073 Ma Alcurra Dolerite (eg Smithies et al 2015; 
Donnellan et al in prep), ca 1078 Ma layered mafic–ultramafic 
intrusions of the Giles Complex (Ballhaus and Berry 1991), 
and the ca 1068 Ma gabbronorite that hosts the Nebo-Babel 
Ni-Cu-PGE deposit (Seat et al 2011; Figure 3). The Nebo-
Babel gabbronorite is a concentrically zoned tholeiitic 
intrusion interpreted to have been emplaced in three pulses: 
(1) initial microgabbronorite; (2) barren gabbronorite; and 
finally (3) oxide-apatite gabbronorite (Seat et al 2007; Seat 
et al 2011) with associated orthocumulates. Orthocumulate 
comprises cumulus olivine, pyroxene, plagioclase, ilmenite 
and magnetite, and locally contains up to 10 vol. % magnetite 
(Seat et al 2007). The three phases are interpreted to have 
evolved via both closed system (eg fractional crystallisation) 
and open system [assimilation and fractional crystallisation 
processes (AFC); Seat et al 2011].

Like the Nebo-Babel intrusions, the Mount Peake Gabbro 
is a tholeiitic layered intrusion comprising cumulate layers. 
Similar to the Warakurna LIP intrusions of the Musgrave 

Province, the Mount Peake Gabbro is enriched in LILEs 
(large ion lithophile elements) relative to HFSE (high field 
strength elements; Figure 4). In contrast to the Nebo-Babel 
intrusion, the Mount Peake Gabbro lacks a well-developed 
positive Pb anomaly (Figure 4). One interpretation 
might be that the Nebo-Babel intrusion represents a more 
contaminated magma than the Mount Peake Gabbro; this 
is supported by εNd and δ18O values for the Nebo-Babel 
intrusion consistent with up to 30% assimilation of country 
rock at the site of emplacement (Seat et al 2011). The degree 
of contamination in the magma from which the Mount 
Peake Gabbro crystallised remains to be tested.

Ti-V deposits have been shown to occur in the upper 
parts of layered mafic–ultramafic intrusions that also host 
Ni-Cu-PGE mineralisation at their base. In these types 
of intrusions, Ti-V-rich phases form by crystal settling or 
filter pressing during crystallisation of gabbro magmas (eg 
Pirjano and Hoatson 2012). Examples include the Meeline, 
Boodanoo and Yalgowra suites in the Murchison Domain 
of the Yilgarn Craton (eg Ivanic et al 2010, and references 
therein). Layered gabbro, olivine gabbro and gabbronorite 
to troctolite intrusions of the Meeline Suite host Ti-V-
magnetite cumulate layers of the Windimurra Ti-V deposit 
(Figure 3; Habteselassie et al 1996; Ivanic 2009). A similar 
association is also observed in the Bushveld Complex 
(eg Kruger 2005) where Ti-V-magnetite mineralisation 
occurs in a layered sequence of gabbronorite, anorthosite, 
pyroxenite, olivine ferro-diorite in the upper zone of the 
Bushveld Complex (Kruger 2005). 

One of the implications of this new dating is that there 
is evidence for two periods of mafic magmatism in the 
Arunta Region that are prospective for Ti-V mineralisation: 
(1) ca 1785 Ma tholeiitic magmas similar to the Attutra 
Metagabbro, and (2) ca 1062 Ma tholeiitic magmas 
associated with the Warakurna LIP. Previously, magmatism 
in the Arunta Region associated with the Wakarkurna LIP 
was restricted to the Stuart Pass Dolerite. In light of this new 
age information and the examples discussed above, this new 
data presents an opportunity to re-assess the distribution 
of mafic magmatic suites in the Arunta Region and their 
potential to host both orthomagmatic Ti-V and Ni-Cu-PGE 
styles of mineralisation.

Conclusion

New U-Pb zircon age data extends the area of known 
Neoarchean basement in the Pine Creek Orogen. U-Pb-O-Hf 
zircon studies in the Tanimi Region and Pine Creek Orogen, 
highlight a diversity in source regions available for felsic 
magmatism during the Neoachaean in the NAC. U-Pb 
baddeleyite dating provides evidence for three mafic LIP 
events in northern Australia: (1) ca 1725 Ma continental 
tholeiite province, (2) a ca 1325–1295 Ma alkaline mafic 
province in the greater McArthur Basin, and (3) redefinition 
of the spatial extent of the ca 1080–1070 Ma Warakurna LIP 
that is now recognised to include the northern central parts 
of the Aileron Province. Furthermore, the Warakurna LIP 
has been shown to host significant Ni-Cu-PGE and Ti-V 
deposits.

Figure 4. Primitive mantle-normalised incompatible element 
diagrams comparing ca 1080–1070 Ma tholeiitic magmatism in 
the Musgrave Province (Nebo-Babel gabbronorite) to the Aileron 
Province (Mount Peake Gabbro). Normalising Values are after 
McDonough and Sun 1995.
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Appendix

Galiwinku Dolerite (new name)
Proposers: LM Glass and JA Hollis
Derivation of name: After the township of Galiwinku 
located in the Arnhem Shelf (see http://www.ga.gov.au/
place-names/PlaceDetails.jsp?fctext=POPL&submit1=G52
7&fctext=LOCB&fctext=BLDG&fctext=BLDG&fctext=L
OCB, Record ID NT G527) GDA94 Zone 53L 561500mE  
8670281mN  (-12° 1’ 41” S, 135° 33’ 54”E)
Synonymy: First informally named by Goldberg 2010 and 
chemically defined by Hollis and Glass 2012
Distribution: Rarely exposed, subsurface extent of northeast 
and northwest-trending radial dykes which intrude the 
Palaeo-Mesoproterozoic McArthur Basin. Extensive under 
cover in MILINGIMBI, ARNHEM BAY GOVE, WESSEL 
ISLANDS TRUANT ISLAND and JUNCTION BAY 
1:250 000 geological maphseets.
Type location: HoWsHip 1:100 000 geological mapsheet, 
Cameco Australia Pty Ltd drill hole PLD0001. Grid 
Reference: GDA94 Zone 53L 335346mE 8591678mN 
(-12.7351°S, 133.483°E) (Hollis and Glass 2012).
Thickness: Unknown
Lithology: Quartz normative and olivine normative dolerite
Geomorphic expression: Subsurface radial dyke swarm
Relationships: Intrusive into the Palaeo- to Mesoproteroic 
McArthur Basin. Chilled margin contact to Kombolgie 
Subgroup onshore in southeast HoWsHip 1:100 000 
geological mapsheet
Age: The Galiwinku Dolerite has a SIMS U-Pb baddeleyite 
age of 207Pb/206Pb age of 1329 ± 55 Ma (95% confidence, 
n = 8, MSWD = 1.3; Whelan et al in press).
Correlatives: Geohemically correlated Maningkorrirr and 
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Mudginberri phonolites in MILINGIMBI and ALLIGATOR 
RIVER 1:250 000, respectively. The later has a Rb-Sr age 
of 1316 ± 40 Ma (Page et al 1980). The Galiwinku Dolerite 
has similar geochemical signature to outcropping dolerite 
in Wellington range 1:100 000 map geological mapsheet, 
COBOURG PENINSULA 1:250 000 geological mapsheet 
(Hollis and Glass, 2012) and dolerite intruding the Arnhem 
Province in GOVE 1:250 000, but further is required to 
confirm these relationships latter. Furthermore, alkali 
gabbro intruding the Tomkinson Province is geochemically 
similar to the Galiwinku Dolerite and yielded a SHRIMP 
U-Pb baddeleyite age of 1295 ± 14 Ma (Melville 2010).

Mount Peake Gabbro (new name)
Proposers: N Donnellan and EE Beyer
Derivation of name: After Mount Peake GDA94 Zone 53K 
299900mE 7617000mN in anningie 1:100 000 sheet 5554 
in MOUNT PEAKE 1:250 000 sheet SF53-05, Northern 
Territory.
Synonymy: Previously informally named Mount Peake 
gabbro.
Distribution: Diamond drillhole SD (Stirling Deeps) DD001 
MGA94 Zone 53K, 323000mE, 7606200mN in Anningie 
1:100 000 sheet 
Thickness: Unknown

Lithology: Olivine gabbro, gabbro, leucogabbro, magnetite-
rich olivine gabbro and minor ultramafic rocks.
Geomorphic expression: None
Relationships: Intrusive lower contact where fine-grained 
gabbro is in contact with haematitised siltstone overlying 
quartzite that in turn overlies porphyritic granite. The 
igneous crystallisation age of the gabbro and consequent 
intrusive age of the sill is consistent with the interpretation 
that the sedimentary country rocks and the granite are 
constituent units of the local (Palaeoproterozoic) basement, 
likely Lander Rock Formation (or equivalent) and ca 1789 
Ma Esther Granite (Cross et al 2005) respectively.
Age: LA-ICPMS zircon and baddeleyite dating of an 
apparently massive gabbro from the interval 83.25 to 
204.21 m in diamond drillhole SDDD001 yielded magmatic 
207Pb/206Pb crystallisation ages of 1053 ± 24 Ma and 
1062 ± 21 Ma, respectively (Beyer et al 2016).
Correlatives: The age for the Mount Peake Gabbro is within 
uncertainty of the Sm-Nd mineral isochron age reported for 
the Stuart Pass Dolerite 1076 ± 33 Ma (Zhao and McCulloch 
1993), and the two units are correlated. Mount Peake Gabbro 
is therefore interpreted to be another constituent unit of 
the ca 1078–1070 Ma Warakurna Large Igneous Province 
(Wingate et al 2004).
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Geomechanics, stress regime and mineralogy of the Arthur Creek Formation and Thorntonia 
Limestone, southern Georgina Basin
Bridget Ayling1,2, Eric Tenthorey1 and Adam Bailey1

1 Geoscience Australia, GPO Box 378, Canberra ACT 2601, Australia
2 Email: bridget.ayling@ga.gov.au
3 In this study we regard effective hydraulic stimulation as referring to the creation of a well-connected, pervasive fracture network 

in the unconventional reservoir (ie the process of fracturing). We distinguish this from the producibility of hydrocarbons from this 
stimulated reservoir: producibility can be affected by the nano-scale pore structure and size distribution, or physical-chemical effects 
(eg sorption), and these factors were not assessed in our study. 

© Northern Territory Government March 2016.  Copying and redistribution of this publication is permitted but the copyright notice must be kept intact 
and the source attributed appropriately.

Introduction

Middle Cambrian sediments in the southern Georgina 
Basin contain multiple organic-rich source rocks and are 
prospective for both conventional and unconventional 
hydrocarbons. Key source rocks occur within the 
Thorntonia Limestone and overlying Arthur Creek 
Formation of the Narpa Group. The base of the Arthur 
Creek Formation is characterised by organic-rich ‘hot’ 
shales with TOC contents of up to 16 wt%, and petroleum 
explorers have targeted these for unconventional oil 
and gas. The development of unconventional petroleum 
resources is usually associated with hydraulic stimulation to 
improve formation permeability and enable the migration of 
trapped hydrocarbons to the wellbore. Successful hydraulic 
stimulation3 of unconventional reservoirs is dependent on 
multiple factors including the geomechanical, mineralogical 
and petrophysical properties of the formation, and the local 
and regional stress regime. 

Study aims and rationale

The mechanical properties of the Arthur Creek Formation 
and the underlying Thorntonia Limestone are poorly 
understood due to the limited geomechanical and stress 
data previously acquired in the southern Georgina Basin. 
In this study, we characterised the regional stress regime 
and the geomechanical and mineralogical properties of 
these formations by reviewing available wireline log data 
and analysing new samples collected from four wells in 
the southern Georgina Basin. This work complements a 
HyLoggerTM hyperspectral logging study conducted by 
Geoscience Australia in the southern Georgina Basin 
(Ayling et al in review). 

Mineralogy

The mineralogical composition of unconventional reservoir 
targets has an important control on the mechanical 
properties of samples. Studies have found that rocks that 
contain a higher proportion of ductile minerals (eg clays, 
chlorite and calcite) compared to brittle minerals (eg quartz, 
feldspar and dolomitic carbonates), behave in a more ductile 
fashion (Altamar and Marfurt 2014). 

Thirty-four representative samples were collected from 
the Arthur Creek Formation and Thorntonia Limestone 
in the Baldwin-1, MacIntyre-1, Owen-2 and Todd-1 
wells, and analysed by X-ray diffraction (XRD). Results 
indicate that the Arthur Creek Formation is characterised 
by calcite, dolomite, quartz and feldspar, and has a low 

clay component (<25%, Figure 1). Minerals grouped into 
the clay category include illite, muscovite, kaolinite and 
chlorite. The Thorntonia Limestone has a dominantly 
dolomitic mineralogy. These results are consistent 
with a petrographic assessment (Figure 2), and with 
hyperspectral logging results obtained using the HyLogger 
instrument (Ayling et al in review). Initial comparisons 
with mineralogical data from unconventional shale targets 
in North America illustrates that the prospective Georgina 
Basin formations generally have a lower clay component 
than those in North America (Figure 1). 

Stress regime

Data from 31 petroleum and stratigraphic wells were 
used to derive stress parameters from which a whole-of-
basin representation of the present-day stress regime was 
constructed (Bailey et al in review). Stress magnitudes were 
constrained using wellbore geophysical logs and tests:

• Vertical stress (σv) magnitudes: derived from checkshot-
calibrated density logs.

• Minimum horizontal stress (σh) magnitudes: constrained 
using data from leak-off tests and formation integrity 
tests.

• Maximum horizontal stress (σH) magnitudes: constrained 
using established relationships between σh, σV and σH. 

Electrical resistivity-based image logs from six wells 
were used in conjunction with four-arm caliper logs to 
assess σH orientations within the Georgina Basin. Common 
wellbore failure features, such as borehole breakouts and 
drilling induced tensile fractures, have been shown to be 
reliable indicators of stress orientations within sedimentary 
basins; they can be identified on both electrical resistivity-
based image and caliper logs (Dart and Zoback 1989, Brudy 
and Zoback 1999, Hillis and Reynolds 2000). 

Density logs from 13 wells within the southern Georgina 
Basin produce an average σv gradient of approximately 
25 MPa/km. The mean σH calculated for these same 
wells from friction limits calculations is approximately 
55 MPa/ km. Through evaluation of the likely ranges of σh, 
σV and σH stresses, we interpret the southern Georgina Basin 
to be in a reverse to reverse/strike-slip stress regime. 

Using the valid stress orientations from borehole failure 
data, a mean σH orientation of 044°N was interpreted for the 
study area. This is consistent with continental-scale stress 
trajectories of σH orientation as calculated for the Australian 
stress map (Hillis and Reynolds 2000). Further details about 
the methods used to derive these stress values, and the 
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Figure 1. Ternary plot of 
compositional data from southern 
Georgina Basin, and from North 
American shale gas plays (data 
from Sone and Zoback 2013). 
XRD and TOC results have been 
converted to volume % using 
assumed mineral densities and a 
kerogen density of 1.18 g/cm³.

Figure 2. Photomicrographs of the Arthur Creek Formation and Thorntonia Limestone in MacIntyre-1 and Owen-2. The Thorntonia 
Limestone is dolomite-dominated, whereas basal sections of the Arthur Creek Formation include organic material, quartz, calcite and 
dolomite, and feldspars.
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inherent limitations of the dataset are presented in Bailey 
et al (in review). 

Petrophysical properties

Two methods were used to measure key geomechanical 
properties of the source rocks in the southern Georgina 
Basin: triaxial tests and scratch testing. Single-stage 
triaxial compression tests were performed on 12 samples 
from Baldwin-1, Owen-2 and Todd-1. The specimens were 
tested at confining pressures that reflected the current 
burial depth. From the stresses and strains measured during 
triaxial compression tests, the elastic properties Young’s 
modulus (E), Poisson’s ratio (σ), and compressive strength 
were determined for each test specimen. 

In the triaxial tests, Young’s moduli as measured from 
the loading curves ranged from 28 GPa to 97 GPa, although 
all but two specimens fall in the range 45–67 GPa. A 
specimen from the Thorntonia Limestone proved to be very 
stiff with a Young’s modulus of 96.8 GPa. The Poisson’s 
ratio ranges from 0.26–0.38, which is similar to the range 
observed in other shale gas plays in the USA, such as the 
Eagleford Shale and the Barnett Shale (Bodziak et al 2014, 
Altamar and Marfurt 2014). Samples from the Georgina 
Basin generally have a higher Young’s modulus when 
compared to the cited samples from the USA. Studies by 
Britt and Schoeffler (2009) and Bodziak et al (2014) found 
that high values of Young’s modulus can be favourable for 
hydraulic stimulation as it promotes brittle failure of the 
rock over plastic (ductile) behaviour.

Approximately 25 m of Georgina Basin drill core was 
tested for unconfined compressive strength (UCS) using the 
scratch technique (Richard et al 2012). The UCS of a rock 
is relevant for assessing hydraulic stimulation potential as 
it correlates to a specimen’s tensile strength and to poro-
elastic parameters such as Young’s modulus. In addition, 
characterising the UCS can be important for ensuring that 
wellbore stability is maintained during drilling completions 
(eg Germay et al 2015). The scratch testing technique 
has an approximate spatial resolution of 1 cm thus can 
provide a measure of geomechanical heterogeneity along 

continuously scanned drill core. An example of scratch test 
data collected from MacIntyre-1 in the southern Georgina 
Basin is presented in Figure 3. Average UCS values for the 
core segments range from 65 MPa to 151 MPa. The highest 
UCS values are associated with the basal organic-rich shale 
in the Dulcie Syncline area, with average values ranging 
from 125–151 MPa. Intervals with the highest measured UCS 
are also associated with the highest UCS heterogeneity (as 
represented by standard deviation) and lowest friction angles 
(average 27°). The Thorntonia Limestone is also associated 
with moderately high UCS values (102–145 MPa). The basal 
‘hot’ shale in the Toko Syncline wells is associated with lower 
UCS (100–115 MPa) and less heterogeneity. 

Conclusion

Our study has illustrated the usefulness of acquiring 
geomechanical and mineralogical data to characterise an 
unconventional reservoir. Such data can be used alongside 
other datasets (eg geophysics, organic geochemistry) to 
inform predictions of hydrocarbon prospectivity. Future 
studies in onshore basins in Australia would benefit from the 
acquisition and public release of geomechanical data in order 
to provide a more robust understanding of both conventional 
and unconventional hydrocarbon prospectivity.  
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The Maud Creek Gold Project is situated 20 km to the east 
of Katherine in the Northern Territory, Australia (Figure 1). 
It lies within a group of mineral tenements totalling 
approximately 633.5 km2 held by Newmarket Gold Inc., a 
Canadian listed (TSX) corporation. The tenements include 
an inventory of historical gold discoveries, historical and 
modern gold mines, and current Mineral Resources and 
Mineral Reserves of the Maud Creek Deposit. The Maud 
Creek Gold Project can be categorized as a project in 
development.

The Maud Creek Deposit occurs within the Archaean 
to Palaeoproterozoic Pine Creek Orogen, one of the major 
mineral provinces of Australia. The Pine Creek Orogen is a 
deformed and metamorphosed sedimentary basin extending 
from Katherine in the south to Darwin in the north.  It hosts 
other significant resources of gold such as the Cosmo Mine 
and the Union Reefs deposits near Pine Creek (Bremner and 
Edwards 2013). 

Gold mineralisation within the Pine Creek Orogen is 
preferentially developed within strata of the South Alligator 
Group and Finniss River Group along anticlines, strike-
slip shear zones and duplex thrusts located in proximity to 
the Cullen Granite Batholith.  Of particular stratigraphic 

importance are the Wildman Siltstone, the Koolpin 
Formation, Gerowie Tuff, Mount Bonnie Formation, 
Burrell Creek Formation and in the case of the Maud Creek 
Deposit, the Tollis Formation (Figure 2).

In the Pine Creek Orogen, gold mineralisation is 
generally associated with quartz that occurs as stockwork 
veins, sheeted veins, discordant veins in faults and shear 
zones, as well as frequent saddle-reefs. There is a common 
association of gold with antiformal structures.

A total of over 3.7 million ounces of gold have been 
produced from the Pine Creek Orogen and it has been 
estimated that around 3 million ounces have been produced 
historically from the current Newmarket Gold properties.

The Maud Creek deposit trends north-south and dips 
60° to the east. It mainly occurs within an intense shear 
zone along a faulted contact between lithic sedimentary 
rocks in the footwall and mafic tuffs in the hanging wall.  
The deposit has approximate dimensions of 800 m along-
strike, 450 m down-dip and up to 50 m across-strike. The 
contact mineralised zone at Maud Creek is characterized by 
multiple phases of stockwork and massive quartz veining, 
silica flooding, brecciation and commonly intense graphite 
and/or chlorite alteration. 
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Primary mineralisation occurs in gold-arsenopyrite-
pyrite quartz vein systems that have up to 5% total sulfides. 
Gold is present as both free gold and refractory gold in 
pyrite and arsenopyrite. Arsenic is highly anomalous with 
assays reaching 2% arsenic (Bremner and Edwards 2013).

Maud Creek has a lengthy exploration and development 
history spanning over 140 years, including historical 
prospecting and mining and several waves of modern 
exploration and development in the 1980s, 1990s and during 
the early part of the 2000s. 

During 2011, Newmarket Gold completed a 3180 m 
diamond drill program at Maud Creek. This drilling, along 
with approximately 71 800 m of pre-existing drill data, was 
used to complete a Mineral Resource update in December 
2012. This work resulted in Indicated Mineral Resources of 
7.7 Mt at 3.5 g/t Au for a total of 871 000 contained ounces 
of gold. 

In 2014, Newmarket Gold approached 11 independent 
consulting groups to tender for the completion of a 
three-staged feasibility study for a stand-alone operation to 

be based at the Maud Creek site with reference to potential 
synergies with Newmarket Gold’s current Union Reefs Mill 
operations in the Northern Territory. 

On the 22nd July 2015, Newmarket Gold announced that 
SRK Consulting (Australasia) Pty Ltd had been awarded the 
feasibility study contract. SRK has commenced stage 1 of 
the feasibility study consisting of a preliminary economic 
assessment (PEA), which under the requirements of the 
Ontario Security Commission (OSC) includes a National 
Instrument 43-101 Technical Report. This NI 43-101 
Technical Report is due to be completed by the end of 
March 2016.   

References

Bremner P and Edwards M, 2013. Report on the Mineral 
Resources and Mineral Reserves of the Maud Creek 
Gold Project in the Northern Territory, Australia for 
Crocodile Gold Corp. NI 43-101 Technical Report, 
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Figure 2. Maud Creek geological plan.
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The Palaeo-Mesoproterozoic McArthur Basin of northern 
Australia hosts world-class sedimentary ‘exhalative’ 
(SEDEX) McArthur-type Zn-Pb deposits. These deposits 
are largely hosted within the McArthur Group, a sequence 
of 1.64 Ga pyritic carbonaceous shales deposited in an 
extensional rift setting. A well known example of these is 
McArthur River (formerly known as HYC) Zn-Pb-Ag deposit. 
The older ~1.78 Ga McDermott and ~1.73 Ga Wollogorang 
formations of the Tawallah Group both contain carbonaceous 
shales deposited in similar environments. Our observations 
suggest the carbonaceous facies of the Wollogorang 
Formation were deposited under mostly euxinic conditions, 
with periodically high concentrations of sedimentary pyrite 
deposition. The carbonaceous shales in the older McDermott 
Formation contain considerably less early pyrite, reflecting 
a mostly sulfide-poor, anoxic depositional environment. 
Localised fault-bounded sub-basins likely facilitated lateral 
facies variations, evident from synsedimentary breccias in 
the Wollogorang Formation.

The presence of evaporitic oxidised facies within the 
McDermott and Wollogorang formations is a favourable 
criterium for SEDEX-style brine generation. Both formations 
overlie volcanic units that could have been sources of base 
metals. Detailed X-ray petrography and new geochemical 
data from historical drill cores indicate multiple intervals 
of stratiform and sediment breccia-hosted base metal 
sulfide within carbonaceous shale units, with high grade 
Zn concentrations in the Wollogorang Formation but not in 
the McDermott Formation. Lithogeochemical haloes and a 
close association between sphalerite and ferromanganean 
dolomite alteration in the Wollogorang Formation draws 
comparisons with younger SEDEX mineralisation at 
McArthur River. We therefore regard the Wollogorang 
Formation as prospective for base metals mineralisation, 
but have observed no evidence to suggest the McDermott 
Formation hosts any significant mineralisation.

Geological setting of Tawallah Group

The Tawallah Group of the Redbank Package is the 
lowermost and oldest stratigraphic unit of the southern 
McArthur Basin. It is mostly exposed southeast of the 
Batten Fault Zone (Figure 1). Deposited between ~1850 and 
~1715 Ma, the Tawallah Group overlies basement volcanic 
units and is composed of basal conglomerate, basalts, 
varying shallow marine facies, fluvial and lacustrine 
facies, and basaltic and intrusive units. Within the marine 
sedimentary intervals, the McDermott and Wollogorang 
formations contain organic-rich mudstone and carbonate 
facies, potentially favourable for McArthur-type SEDEX 
mineralisation. Neither formation is thus far known 
to be significantly mineralised with base metals, but 
enrichments in Zn, Pb, and Cu have been identified at 

several stratigraphic levels (Jackson 1985, Donnelly and 
Jackson 1988, Kendall et al 2009). 

In this study we analysed five open-file diamond drill 
cores that intersect shale-bearing units of the Tawallah 
Group: GSD7 and DD91DC1 (McDermott Formation); and 
DD91RC18, DD91HC1 and 14MCDDH002 (Wollogorang 
Formation; Figure 1).

McDermott Formation

The McDermott Formation is the oldest mudstone-bearing 
sedimentary unit within the Tawallah Group. It overlies the 
Seigal Volcanics and is overlain by the Sly Creek Sandstone 
(Jackson et al 1987, Figure 2). Accurate depositional ages 
for the McDermott Formation are not currently available, 
but an approximate age for deposition is derived from 
the maximum to minimum age of 1780 to 1760 Ma of the 
conformably underlying Seigal Volcanics (Rawlings 1999). 
The sedimentary succession consists of basal sandstone, 
interbedded carbonaceous siltstone and stromatolitic 
dolostone, and upper fluvial sandstones and red mudstones. 
The depositional environment ranged from shallow marine 
to shoreline.

Wollogorang Formation

The Wollogorang Formation is a laterally-extensive 
but relatively thin shallow marine to nearshore clastic 
sedimentary unit with a maximum thickness of around 
150 m (Jackson 1985). It is both underlain and overlain 
by extrusive and intrusive volcanic units, and has a 
depositional age between 1730 ± 3 and 1729 ± 4 Ma from 
tuffaceous green clays (Page et al 2000). The sedimentary 
sequence consists of red-brown dolomitic mudstone with 
stromatolites, evaporites, and carbonaceous grey dolostone; 
dolomitic black carbonaceous siltstone; and dolomitic 
sandstone and quartz sandstone with minor dololutite (top). 
A key marker horizon in the Wollogorang Formation is the 
‘ovoid beds’, a unit containing round diagenetic dolomitic 
nodules within black carbonaceous mudstone close to the 
base of the sequence. 

McArthur-type SEDEX deposits

Stratiform ‘sedimentary exhalative’ (SEDEX) deposits 
are major sources of base metals such as Zn-Pb-Ag±Cu-
Ni-Mo-Ba and are the primary sources of Zn and Pb 
(Large et al 2005). The McArthur and neighbouring 
Isa basins of northern Australia host numerous SEDEX 
deposits. As summarised in Large et al (2005), the main 
characteristics of SEDEX deposits in the McArthur-
Isa basins are: laminated sphalerite and galena-bearing 
dolomitic siltstones; stacked mineralised lenses separated 
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Figure 1. Simplified geological map of the McArthur Basin of Northern Australia (modified after Ahmad et al 2013 and references therein).

Figure 2. Stratigraphic framework of the southern McArthur Basin showing subdivisions by group and ‘packages’ (modified from Rawlings 
(1999).
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by carbonaceous mudstones; base metals deposition 
adjacent to major faults; Fe-Mn dolomite alteration haloes; 
and no obvious vent or stringer zones.  A generalised 
genetic model for deposition is of synsedimentary base 
metals sulfide precipitation facilitated by exhalation of 
metallic basinal brines from active fault zones (Large et al 
1998, Large and McGoldrick 1998; Large et al 2005), or by 
syndiagenetic replacement of carbonate (Large et al 1998, 
Ireland et al 2004). Two distinct categories of SEDEX 
deposits were proposed by Cooke et al (2000) based on 
the mineralising brines, sedimentary basin and lithology 
type: McArthur-type (oxidised brines) and Selwyn-type 
(reduced brines). SEDEX deposits of the McArthur-type 
typically form by the following stages (Large et al 1998, 
Large and McGoldrick 1998, Cooke et al 2000):

1. oxidising brines descend from surface evaporitic 
environments into porous and fractured basin aquifers

2. basinal brines leach metals from underlying volcanics
3. sulfate-metal-bearing oxidised brines are released along 

fault zones into anoxic/euxinic basin floor or shallow 
subsurface

4. base metals sulfide precipitation through bacterial 
sulfate reduction or by interaction with biogenic H2S.

The major known SEDEX deposits in the McArthur Basin 
(Figure 1) occur within the Barney Creek Formation of the 
McArthur Group (Glyde Package; Figure 2) such as the 
McArthur River Zn-Pb-Ag deposit (Large et al 1998, Large 
and McGoldrick 2000).  The volcanic and oxidised clastic 
lithologies underlying the Barney Creek Formation are thought 
to have been critical in the formation of the oxidised metal-
rich brines that formed McArthur River and other prospects 
(Cooke et al 2000) making the Barney Creek Formation the 
highest-priority ongoing exploration target. However, recent 
exploration attention has also been focused on shale-bearing 
units of the Tawallah Group such as the McDermott and 

Wollogorang formations, as they also overlie volcanic and 
oxidised clastic facies and contain pyritic carbonaceous shale. 
These underexplored and under-studied formations are the 
subject of this study.

Evidence for McArthur-type SEDEX mineralisation in 
the Tawallah Group

Base metals enrichment

The characteristic ‘ovoid beds’ of the Wollogorang Formation 
contain anomalous concentrations of SEDEX-related 
elements. Drill core 14MCDDH002 contains >2000 ppm Zn 
in a weakly mineralised zone with associated increases in 
Pb, Ag and Tl (Figure 3). The same interval from drill core 
DD91RC18 is mineralised and contains percent level Zn. 

No significant mineralisation is observed in the 
McDermott Formation (Figure 4), although one section in 
drill core GSD7 contains anomalous percent level Zn. 

Lithogeochemical haloes

At McArthur River there are pronounced lithogeochemical 
haloes associated with mineralisation which extend several 
kilometres from the deposit (Large et al 2000). Manganiferous 
dolomite alteration is measurable within the ‘favourable unit’ 
of the HYC Pyritic Shale Member in drill core 23 km laterally 
away, and perhaps further. SEDEX-associated element 
enrichments are also expressed as a laterally-extensive 
halo into the hanging wall sedimentary rocks at McArthur 
River (Large et al 2000). Through study of SEDEX host-
stratigraphy in drill cores outwardly radiating from the main 
deposits, Large et al (2000) developed the SEDEX Indices as 
a vector to mineralisation. When applied to the sections of 
the McDermott and Wollogorang formations analyzed in this 
study, the SEDEX Indices show similarities with drill cores 
close to McArthur River (Large et al 2000; Figures 3–6). 

Figure 3. Composite log of drill core 14MCDDH002 including downhole geochemistry of Metal Index, SEDEX AI, Zn, Pb, Ag, Tl, Mn 
and Ba; composite core imagery, and lithology.
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The relatively high SEDEX Metal Index values for the 
Wollogorang Formation lithologies are consistent with metal 
concentrations close to that of an orebody (Figures 3, 4). The 
SEDEX Metal Index considers the concentration of Zn, the 
limited dispersion of Pb and the widespread dispersion of Tl, 
with these factors increasing with proximity to an orebody 
(Large and McGoldrick 1998). Enrichments in SEDEX-
related elements such as Pb, Ag, and Tl (Figure 3) in the 
Zn-mineralised ‘ovoid bed’ shale unit of the Wollogorang 
Formation are comparable with those observed in the 
favourable shale unit of the Barney Creek Formation about 
15 km away from McArthur River (Large et al 2000). The 
pattern in Mn enrichment within the Wollogorang Formation 
is also consistent with that observed at McArthur River, with 
considerable enrichments above and below the mineralised 

zone (Figure 3). These enrichment patterns thus may 
represent haloes of distal SEDEX mineralisation within the 
ovoid beds. 

The comparison of high SEDEX Metal Index factors in 
rocks of the Wollogorang Formation with those at McArthur 
River assumes that dispersion mechanisms of base metals at 
McArthur River and at potential orebodies in the Tawallah 
Group were similar. However, the genetic model of sphalerite 
deposition at McArthur River is one of both high-density 
metallic brines released from faults, depositing sedimentary 
sulfides, and later replacement of carbonate by sphalerite 
(Ireland et al 2004). Base metals mineralisation observed in 
the sedimentary rocks of the Wollogorang Formation in this 
study includes sulfides of primary authigenic sedimentary 
origin, and also diagenetic replacement products. The 

Figure 4. Composite log of DD91DC1 showing downhole geochemistry of Metal Index, SEDEX AI, Zn, Pb, Ag, Tl, Mn, Ba, TOC, S, Cu. 

Figure 5. SEDEX Alteration Index versus Zn plot of drill cores 
DD91RC18, DD91HC1 (Wollogorang Fm.) and GSD7 (McDermott 
Fm.). Figure modified from Large et al (2000).

Figure 6. SEDEX Alteration Index versus Zn plot of drill cores 
14MCDDH002 (Wollogorang Fm.) and DD91DC1 (McDermott 
Fm.). Figure modified from Large et al (2000).
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timing of these differing mineralisation styles remains 
unknown. They may represent events by which distal 
synsedimentary fault zones released metallic brines into 
the water column and the same fluids also migrated through 
porous facies in the subsurface. In both scenarios, oxidised 
metallic brines could have been reduced by biogenic H2S 
in the water column or shallow sediments, or by early 
diagenetic/sedimentary pyrite in sediments. 

SEDEX Alteration Index

The SEDEX Alteration Index (AI) is a means of mapping 
alteration haloes around SEDEX deposits, and is controlled 
by three primary factors: i) increased content of Mn and 
Fe in carbonate during replacement of MgO; ii) increased 
pyrite (FeO) in carbonaceous facies; and iii) increased shale/
dolomite ratio (MgO). Large et al (2000) demonstrated 
that these three factors all increase with proximity to 
McArthur-type SEDEX deposits. When applied to the 
sections of the McDermott and Wollogorang formations 
analysed in this study, the SEDEX AI show similarities 
with drill cores close to McArthur River (Large et al 2000).  
SEDEX AI values of 80 to 100 are observed within ore-zone 
mineralised sedimentary rocks, whereas background barren 
sedimentary rocks have values of 0 to 40 (Large et al 2000). 
Increasing SEDEX AI values with concomitant increases in 
Zn are indicative of increasing proximity to SEDEX-type 
mineralisation.  Many of the samples from the Wollogorang 
Formation plot close to the ore field, with some McDermott 
Formation samples showing high values (Figures 5, 6). The 
SEDEX AI is highest (>75) in the Wollogorang Formation 
in the mineralised shale unit (Figure 3), consistent with 
those observed close to McArthur River.

SEDEX-style mineralisation

Three distinct styles of base metals sulfide mineralisation are 
observed in the Wollogorang Formation that are comparable 
with occurrences distal to the large McArthur-type deposits 
such as McArthur River (eg Large et al 1998; 2000; 2005; 
Large and McGoldrick 1998; Cooke et al 2000; Ireland 
et al 2004). Chalcopyrite, not common at McArthur River, 
and sphalerite growth around early pyrite in mudstone 
clasts in sedimentary breccia zones implies the presence of 
metalliferous fluids before slumping. Laminated primary 
depositional sphalerite (Figure 7) comparable with Sp1 
from McArthur River (Ireland et al 2004) occurs in the 
mineralised section in the Wollogorang Formation. Sphalerite 
apparently replacing carbonate lenses, comparable with SP2 
at McArthur River (Ireland et al 2004) also occurs in close 
proximity to earlier sphalerite. Large concentrations of 
sphalerite also occur in the carbonate nodules characteristic 
‘ovoid beds’ of the Wollogorang Formation (Figure 8). No 
significant base metals mineralisation was observed in the 
McDermott Formation.

Significance of euxinia for SEDEX potential

The emergence of oceanic euxinia (anoxic and sulfidic) is 
thought to have occurred at ~1.8 Ga; this age coincides with 

Figure 7. (a) Reflected light photomicrograph of section of laminated 
shale from drill core DD91RC18 at 267.5 m depth showing minor 
fractures and stratiform sulfide mineralisation. (b) XRF map of 
field of view in A, highlighting carbonate-associated sphalerite 
and minor chalcopyrite. Detailed element maps in C and D are 
highlighted by white boxes. (c) FEG-SEM element map highlighting 
the occurrence of primary (depositional) sphalerite associated with 
disseminated carbonate. Sp1=sphalerite texture 1, Sp2=sphalerite. 
texture 2, Dol=dolomite, Qtz=quartz. (d) FEG-SEM element 
map highlighting the occurrence of replacement sphalerite within 
carbonate laminae.
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the disappearance of banded iron formations (BIFs) and, 
strikingly, the arrival of sedimentary SEDEX deposits in 
black shales (Lyons et al 2006). Previous assertions that 
the cessation of BIF deposition reflected deep oceanic 
oxygenation (Holland 2005), or widespread euxinic 
conditions (Canfield 1998), have been disputed with evidence 
for co-existence of ferruginous and euxinic conditions in 
the oceans from the Neoarchean to the Neoproterozoic 
(Planavsky et al 2011). There is an emerging model of 
euxinia occurring along continental margins (Poulton et al 
2010) and localised intracontinental sub-basins, whereas the 
deep oceans may have remained ferruginous (Planavsky 
et al 2011). The sedimentary rocks analysed in this study are 
interpreted to have been deposited in such marginal marine 
settings, which raises the possibility of the development 
of euxinic bottom waters (Poulton et al 2010). Euxinic 
conditions are critical for the McArthur-type SEDEX 
deposits, providing a reduced sulfur source for liberated 
oxidised metal-bearing brines (Cooke et al 2000).

Palaeoredox proxies from the McDermott Formation 
are largely consistent with petrographic evidence for the 
sediments having been mostly deposited under moderately 
sulfidic anoxic conditions with intermittent high influx of 
marine sulfate into the basin at the site of deposition of the 
sediments. Euxinic sedimentary rocks occur close to the 
bottom of the analysed section of drill core GSD7, but sulfur 

concentrations apparently decreased as the basin shallowed, 
as is evident in the low S concentrations in the rock. The 
cause of this remains uncertain; it may reflect reducing flux 
of marine sulfate during deposition in that part of the basin.

Several factors may have affected the flux of sulfate 
to the McDermott Formation. The basal shales of drill 
core GSD7 are interpreted to have been deposited in a 
platform-type marginal environment, of which slightly older 
equivalents in the Animike Basin are thought to have been 
euxinic (Poulton et al 2010). Low sulfur concentrations in 
the evaporitic shale facies higher in the succession of GSD7 
may reflect the development of a sulfur-poor shallow marine 
environment; however given the shallowing of the basin and 
progression to fluvially-dominated siliciclastic deposition, 
the possibility of the basin being closed to the open ocean 
and therefore to a sulfate source cannot be discounted. The 
paucity of sulfidic facies in the upper section of the basal 
McDermott Formation stratigraphy analysed in this study 
reduces the prospectivity for McArthur-type mineralisation 
in those rocks, whereas the sulfidic basal shales are 
considered more prospective.

Wollogorang Formation sedimentary rocks are rich in 
laminae of micron-scale euhedral pyrite crystals and clusters 
in the carbonaceous facies. Such textures are consistent with 
deposition under euxinic conditions; palaeoredox proxies 
similarly indicate abundant sulfur in the water column or 

Figure 8. Composite petrographic imagery of 
laminated siltstone and ovoid carbonate concretion 
in drill core 14MCDDH002 at 90 m. (a) Reflected 
light mosaic of section. (b) XRF map of section 
showing distribution of Zn, K, Fe, Ca. (c) FEG-
SEM X-ray element map of FOV highlighted by 
white box in b (rotated counter-clockwise 90°). 
Qtz= Quartz, Kfs= K Feldspar, FeDol= Ferroan 
Dolomite, Sp= Sphalerite. 
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pore fluids. Enhanced Mo concentrations relative to Re 
and V in analysed sections of carbonaceous shales signal 
uptake of Mo into authigenic sulfides and organic matter 
under euxinic conditions. Although not all of the analysed 
sections of the Wollogorang Formation display trace 
element and petrographic evidence for extremely euxinic 
conditions, none are sulfur-poor. This may be the result of 
a restricted marine environment that was not permanently 
linked to the open ocean or a localised sulfate source, with 
episodic influxes of sulfur. This implies that euxinia had 
become established in the shallow shelf environments of 
the McArthur Basin by 1.73 Ga during the deposition of the 
Wollogorang Formation, thus providing a strongly-reducing 
buffer and sulfur source for potential exhaled metallic 
brines and subsequent primary SEDEX deposition.

Conclusions

The analysed sections of the McDermott Formation contain 
little evidence for proximal base metals mineralisation. 
However, downhole Zn-Pb-Tl-Mn concentration patterns 
in the Wollogorang Formation are comparable with 
those observed close to the McArthur River deposit. The 
carbonaceous shales of the Wollogorang Formation also 
contain sphalerite mineralisation with similar textures to those 
observed at McArthur River. Synsedimentary brecciation 
and euxinia provide further indicators of a possible SEDEX 
system within the Wollogorang Formation.  The lithological 
and tectonic conditions for oxidised metallic brine generation 
and subsequent ‘exhalation’ from synsedimentary faults into 
a reducing basin, existed during Tawallah Group times (~1.78 
to ~1.73 Ga).  The Wollogorang Formation, in particular, 
could have acted as an efficient reductant and sulfur source 
for metallic brines, and may be a favourable unit for SEDEX 
deposition. The Redbank Cu deposits, which likely represent 
mineralisation of metals remobilised from underlying rocks 
such as the Wollogorang Formation, are further evidence for 
the mineralisation potential of the Wollogorang Formation. 
The combination of these factors leads us to conclude that 
the Wollogorang Formation can be considered favourable 
for mineralisation styles similar to McArthur-type SEDEX 
deposits. 

References

Ahmad M, Dunster JN and Munson TJ, 2013. Chapter 15: 
McArthur Basin: in Ahmad M and Munson TJ 
(compilers). ‘Geology and mineral resources of the 
Northern Territory’. Northern Territory Geological 
Survey, Special Publication 5.

Canfield D E, 1998. A new model for Proterozoic ocean 
chemistry. Nature 396, 450–453.

Cooke DR, Bull SW, Large RR and McGoldrick PJ, 2000. 
The importance of oxidized brines for the formation of 
some Australian Proterozoic stratiform sediment-hosted 
Pb-Zn (sedex) deposits. Economic Geology 95, 1–18.

Donnelly TH and Jackson MJ, 1988. Sedimentology and 
geochemistry of a Mid-Proterozoic lacustrine unit from 
northern Australia. Sedimentary Geology 58, 145–169.

Holland HD, 2005. Sedimentary mineral deposits and the evolution 

of Earth’s near-surface environments. Economic Geology 
100th Anniversary Volume Special Paper, 1489–1509.

Ireland T, Large RR, McGoldrick P and Blake M, 2004. 
Spatial distribution patterns of sulfur isotopes, nodular 
carbonate, and ore textures in the McArthur River 
(HYC) Zn-Pb-Ag Deposit, Northern Territory, Australia. 
Economic Geology 99, 1687–1709.

Jackson MJ, Muir MD and Plumb KA, 1987. Geology of the 
southern McArthur Basin, Northern Territory. Bureau of 
Mineral Resources, Canberra, Bulletin 220.

Jackson MJ, 1985. Mid-Proterozoic dolomitic varves 
and microcycles from the McArthur Basin, northern 
Australia. Sedimentary Geology 44, 301–326.

Kendall B, Creaser RA, Gordon GW and Anbar AD, 2009. 
Re–Os and Mo isotope systematics of black shales 
from the Middle Proterozoic Velkerri and Wollogorang 
Formations, McArthur Basin, northern Australia. 
Geochimica et Cosmochimica Acta 73, 2534–2558.

Large RR, Bull SW, McGoldrick PJ and Walters S, 2005. 
Stratiform and strata-bound Zn-Pb-Ag deposits in 
Proterozoic sedimentary basins, Northern Australia. 
Economic Geology 100th Anniversary Volume Special 
Paper, 931–963.

Large RR, Bull SW and McGoldrick PJ, 2000. 
Lithogeochemical halos and geochemical vectors to 
stratiform sediment hosted Zn–Pb–Ag deposits Part 2. 
HYC deposit, McArthur River, Northern Territory. 
Journal of Geochemical Exploration 68, 105–126.

Large RR and McGoldrick PJ, 2000. Lithogeochemical 
halos and geochemical vectors to stratiform sediment 
hosted Zn–Pb–Ag deposits, Part 1. Lady Loretta deposit, 
Queensland. Journal of Geochemical Exploration 63, 
37–56.

Large RR, Bull SW, Cooke DR and McGoldrick PJ, 1998. 
A genetic model for the HYC deposit Australia based 
on regional sedimentology, geochemistry and sulfide-
sediment relationships. Economic Geology 93, 1345 –1368.

Lyons TW, Gellatly AM, McGoldrick PJ and Kah LC, 2006. 
Proterozoic sedimentary exhalative (SEDEX) deposits 
and links to evolving global ocean chemistry: in Kesler  E 
and Ohmoto H (editors). ‘Evolution of early Earth’s 
atmosphere, hydrosphere, and biosphere—Constraints 
from ore deposits’. Geological Society of America 
Memoir 198, 169–184.

Page RW, Jackson MJ and Krassay AA, 2000. Constraining 
sequence stratigraphy in north Australian basins: 
SHRIMP U – Pb zircon geochronology between Mt Isa 
and McArthur River. Australian Journal of Earth 
Sciences 47, 431–459.

Planavsky N J, McGoldrick P, Scott CT, Li C, Reinhard CT, 
Kelly AE, Chu X, Bekker A, Love GD and Lyons TW, 2011. 
Widespread iron-rich conditions in the mid-Proterozoic 
ocean. Nature 477, 448–452.

Poulton SW, Fralick PW and Canfield DE, 2010. Spatial 
variability in oceanic redox structure 1.8 billion years 
ago. Nature Geoscience 3, 486–490.

Rawlings DJ, 1999. Stratigraphic resolution of a multiphase 
intracratonic basin system: The McArthur Basin, northern 
Australia. Australian Journal of Earth Sciences 46, 
703 –723.


	Title page
	Minister's foreword
	Reverse title page
	Site plan - Department of Business Mining Services Expo
	Contents
	AGES 2016 program
	AGES 2016 sponsors
	Ian R Scrimgeour. Overview of mineral and petroleum exploration and production in 2015
	Matthew Baggoott et al. Exploration success and resource growth at Newmont's Tanami Operations, Northern Territory
	Dorothy Close. Integrated geoscience projects through the CORE initiative
	Tracey Rogers. Geoscience information - Updates to online systems, data and products in 2015-16
	Alan Yusen Ley-Cooper et al. Analysis and reinterpretation of historical AEM data sets: McArthur Basin, NT
	Michael I Taylor and Nick Hayward. Exploration of the Teena Zinc Prospect - New insights for the discovery of shale-hosted zinc deposits in Northern Australia
	Indrani Mukherjee and Ross Large. Pyrite trace element chemistry of black shales in the McArthur Basin: A recorder for atmospheric oxygenation and exploration tool for Zn-Pb SEDEX style deposits
	Susanne Schmid et al. COBRA - The assessment of petroleum and mineral resource potential of the Amadeus Basin
	Timothy Debacker et al. Exploring the sub-salt play in the frontier Amadeus Basin - Insights from potential field data analysis
	Amber Jarrett et al. Petroleum geochemistry of the Amadeus Basin
	Tania Dhu. Geophysical data in the Northern Territory: Insights from government and industry acquired data
	Keith Mayes. Geophysical exploration and discovery at Jervois
	Anett Weisheit et al. Multiply reactivated crustal-scale structures and a long-lived c ounter-clockwise P-T path: New insights into the 1.5 billion year tectoothermal evolution of the easter Arunta Region, central Australia
	Matthew McGloin et al. Palaeoproterozoic copper mineralisation in the Aileron Province: New findings on temporal, spatial and genetic features
	Grant A "Rocky" Osborne et al. Discovering the undiscovered - New ideas and technology in the mature Tennant Creek Mineral Field
	Pierre-Olivier Bruna et al. The greater mcArthur Basin 3D modelling project: Updates, developments and steps towards the future
	Timothy J Munson. Sedimentary characterisation and correlation of the Wilton package, greater McArthur Basin
	David I Close et al. Unconventional gas potential in Proterozoic source rocks: Exploring the Beetaloo Sub-basin
	Daniel Revie. From the back of the shed to the forefront of exploration: What the NTGS core store is revealing about the Roper Group shales of the greater McArthur Basin
	Todd W Hoffman. Roper Basin burial history modelling: Inferences for the timing of hydrocarbon generation
	Steve M Hill. Animals and vegetables for minerals: Biogeochemical exploration through sedimentary cover from tropical savannahs to arid shrublands of the Northern Territory
	Doug Winzar. Early indications of a copper-gold belt in the southwestern Aileron Province
	Jo A Whelan et al. 1.4 billion years of Northern Territory geology: Insights from collaborative U-Pb zircon and baddeleyite dating
	Geomechanics, stress regime and mineralogy of the Arthur Creek Formation and Thorntonia Limestone, southern Georgina Basin
	Mark Edwards and Simon Hitchman. Newmarket Gold Inc provides an update on the Maud Creek Gold Project
	Sam Spinks et al. SEDEX potential of the Tawallah Group, lower McArthur Basin



