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

As the new Minister for Mines and Energy, I am committed to ensuring that the exploration 
sector is given the best possible opportunities to succeed in discovering new resources in the 
Territory.  AGES remains an important part of the Government’s efforts to support exploration, and 
has a unique role in bringing together both petroleum and minerals explorers to share insights into 
the Territory’s geology and resource potential, and to highlight the excellent work of the Northern 
Territory Geological Survey. 
This year AGES will highlight the first release of new programs being undertaken under the expanded 
Creating Opportunities for Resource Exploration (CORE) initiative, which was announced in the 
2014 Territory Budget. This is a new four year, $23.8 million commitment to supporting minerals 
and energy exploration through new geoscience, exploration incentives and investment attraction. 

It also includes a commitment of $2 million per year for a major program to assess the Territory’s shale gas and oil resources and 
potential, and represents the largest ever investment in an exploration initiative by a Territory Government.

In challenging times for the exploration industry, with low prices for many commodities and difficulties in accessing risk 
capital for greenfields exploration, it is more important than ever that Government continues to provide support and stimulus 
to the industry, and that the Territory remains competitive in attracting exploration investment. We remain committed to not 
only supporting industry through exploration initiatives, but also to streamlining and simplifying our regulatory processes and 
timeframes and implement a more risk-based approach to regulation.

I hope you enjoy AGES 2015, and that it will assist you in finding new opportunities for  accessing the Territory’s rich mineral 
and petroleum resources.

Hon. David Tollner, MLA
Minister for Mines and Energy
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Overview of mineral and petroleum exploration and production in 2014
Ian R Scrimgeour 1,2

Exploration statistics

Minerals

2014 was another challenging year for mineral exploration 
in the Northern Territory (NT) and Australia-wide 
as difficult market conditions and lower commodity 
prices contributed to ongoing relatively low levels of 
exploration, with expenditure remaining at around half the 
levels achieved at peak of the exploration boom in 2011. 
According to Australian Bureau of Statistics (ABS) figures, 
mineral exploration expenditure in the NT in 2013-14 was 
$118.4 million, down 10% from $131.7 million in 2012-13 
(Figure 1). In comparison, exploration expenditure 
Australia-wide in 2013-14 was $2.067 billion, down 32% 
from the $3.06 billion the previous year. Figures from 
the first three quarters of the 2014 calendar year showed 
2014 was on track to record very similar levels of mineral 
exploration in the NT as 2013. 

At the end of 2014, there were 1047 granted non-
extractive mineral exploration licences (compared with 
1295 at the end of 2013) and 832 outstanding exploration 
licence applications. During 2014, 146 applications were 
received, 100 granted and 305 licences were relinquished.

Petroleum

In contrast to mineral exploration, onshore petroleum 
exploration activity continues to be at record levels in the 
NT. ABS exploration expenditure figures combining both 
onshore and offshore petroleum exploration for the NT 
1 Northern Territory Geological Survey, GPO Box 4550 Darwin, 

NT 0801, Australia. 
2 Email: ian.scrimgeour@nt.gov.au.

(which includes substantial areas of the offshore Bonaparte 
and Browse basins) indicate expenditure of $510 million, 
up 84% from the $277.1 million in 2012-13 (Figure 2). This 
was a new record in petroleum exploration expenditure for 
the NT. Although no breakdown is available of the onshore 
component of this expenditure, reported exploration activity 
suggests that a substantial proportion of this increase has 
been driven by an expansion in onshore exploration. At the 
end of 2014, in the onshore NT and coastal waters, there 
were 57 active exploration permits, 3 retention licenses and 
5 production licenses. 

Exploration and production highlights

Figure 3 shows selected exploration highlights for 2014. In 
the following summary of exploration and mining results 
for the Territory during 2014, all mineral resources are 
assumed to have been reported in accordance with the 
JORC or NI43-101 codes. Where resource categories are 
not listed, readers are directed to the original sources for 
this information. Most material cited here has been sourced 
from company websites, news releases and Stock Exchange 
announcements by companies. As a result, details of 
exploration by some private and other non-listed companies 
that do not report publicly could not be included.  Mineral 
production statistics for the NT for 2013-14, collected under 
the NT Mineral Titles Act, are given in Table 1.

Gold and copper-gold

Pine Creek Orogen
Crocodile Gold Australia Pty Ltd continued gold production 
from their operations in the Pine Creek region, with all 
mining in 2014 occurring at their flagship Cosmo Deeps 
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underground mine (Figure 4). Gold production from Cosmo 
Deeps in 2014 increased by 4.9% to 77 740 oz at an average 
grade of 3.14 g/t from 868 399 t milled. The 2014 resource 
for Cosmo mine includes Measured and Indicated Mineral 
Resources of 4.53 Mt at 3.43 g/t Au and an Inferred Mineral 
Resource of 1.11 Mt at 2.9 g/t Au, for a total contained 
mineral resource of 0.61 Moz of gold. Proven and Probable 
Ore Reserves at Cosmo Deeps are 1.48 Mt at 3.79 g/t Au. In 
early 2014, approval was granted for a resource definition 
program to develop the down-plunge extension of the 
Cosmo deposit. 

On its remaining properties in the Pine Creek Orogen, 
including Union Reefs and Maud Creek, Crocodile Gold 
have total combined Measured and Indicated Mineral 
Resources of 26.7 Mt at 2.12 g/t Au, and Inferred Mineral 
Resources of 22.8 Mt at 1.97 g/t Au, for a total contained 
resource of 3.26 Moz gold. 

In September 2014 Primary Gold Ltd announced a 
resource upgrade at their Mount Bundy project area in the 
Pine Creek Orogen. The entire resource for the project area 
is 41.35 Mt at 1.1 g/t Au for a contained 1.43 Moz of gold. 
This includes Indicated and Inferred Mineral Resources at 
the Toms Gully deposit of 1.1 Mt at 8.9 g/t Au containing 
315 000 oz. 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. During 2014 Primary Gold undertook a 3089 m 
drilling program with a best intercept of 1.25 m at 15.0 g/t 
Au from 285 m. Also within the Mt Bundy project area, the 
Rustlers Roost deposit is hosted within the Mount Bonnie 
Formation and has updated Indicated and Inferred Mineral 
Resources of 36.86 Mt at 0.8 g/t Au. Maiden Indicated and 
Inferred Mineral Resources of 3.40 Mt at 1.4 g/t Au were 
announced for the Quest 29 prospect, which is associated 
with sheeted or stockworked quartz-sulfide veins in the 
crest of anticline within the Koolpin Formation. 

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 project is operated by Thor Mining PLC 
(Thor) and has an Indicated Mineral Resources of 4.0 Mt 
at 2.32 g/t Au for a contained 300 000 oz gold at a 1 g/t 
Au cutoff. The deposit remains open at depth. No further 
exploration was reported on the project in 2014. 

Vista Gold Corporation (Vista) continued to progress 
their Mount Todd project, northwest of Katherine. 
Mineralisation at Mount Todd is contained in a stockwork 
of quartz veins and their margins, hosted within 
metamorphosed interbedded siltstone, shale and minor tuff 
of the Burrell Creek Formation. Mineral resources at Mount 
Todd include Measured and Indicated Mineral Resources 
of 279.6 Mt at 0.82 g/t Au containing 7.40 Moz of gold, 
and Inferred Mineral Resources of 72.5 Mt at 0.74 g/t Au 
containing 1.73 Moz of gold. Proven and Probable Ore 
Reserves are 222.8 Mt at 0.82 g/t Au containing 5.90 Moz 
of gold. In 2014 the company announced a resource update 
from the Quigleys deposit near Mount Todd, with Measured 
and Indicated Mineral Resources of 8.46 Mt at 1.1 g/t Au and 
Inferred Mineral Resources of 11.18 Mt at 1.13 g/t Au for a 
total contained resource of 706 000oz of gold. The company 
also announced in September 2014 that the Environmental 
Impact Assessment for Mount Todd has been approved, 
based on a 50 000 t per day operation.

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 323 000 oz of gold 
during 2013. 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 2013, the Proven and Probable Ore 
Reserves at Newmont’s Tanami operations were 16.2 Mt at 
5.81 g/t Au containing 3.01 Moz of gold, a 35% increase 

Figure 2. Combined onshore and offshore 
petroleum exploration expenditure for the 
Northern Territory since 2003 (annual 
figures, calculated quarterly).
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Figure 3. Map of the Northern Territory showing selected mineral exploration highlights for 2014.
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on the 2.22 Moz ore reserve the previous year. Additional 
Measured and Indicated Mineral Resources total 1.8 Mt at 
5.53 g/t Au and Inferred Mineral Resources are 7.8 Mt at 
6.06 g/t Au. 

Tanami Gold NL undertook a drilling program late in 
2014 at their Central Tanami project, which includes the 
historic Tanami goldfield that 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 (Figure 5). Plans for development of the Central 
Tanami project were deferred in 2013. The 2014 drilling 

program was planned to include 10 000 m of RAB and 
aircore drilling focussing on two main targets (Cave Hills 
and Jims South) with minor programs at Groundrush and 
Beaver. Results from the drilling are pending. In February 
2015 Metals X Limited announced plans to acquire up 
to 75% of the Central Tanami project through a staged 
acquisition and farm-in agreement. Under the deal, Metals 
X will acquire an immediate 25% interest in the project for 
cash and shares and will earn a further 50% by sole funding 
the costs required to bring the project back to commercial 
production. 

ABM Resources NL (ABM) focussed their activities 
in 2014 on progressing their Old Pirate deposit towards 
production. Mineralisation at Old Pirate occurs at the 
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surface and comprises multiple, high-grade, gold-bearing 
quartz veins between 20cm and 6m 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. In July 
2014 ABM signed an agreement with Tanami Exploration 
NL for a lease and purchase option for the Coyote gold 
plant in the adjacent region of WA, which will be used for 
processing of Old Pirate ore. The company also undertook 
a 26 000 m infill/grade control and extensional drilling 
campaign. At Old Glory, 300 m south of the main Old 
Pirate deposit, extensional drilling intersected a new 
shallow high-grade zone with intersections including 6 m 
at 37.82 g/t Au from 12 m. On the basis of the infill and 
grade control drilling, the Old Pirate Inferred and Indicated 
Mineral Resources were updated to 1.7 Mt at 11.7 g/t Au 
containing 640 000 oz of gold. ABM released production 
guidance for the first year of mining at Old Pirate, with 

Table 1. 2014 Northern Territory Mining Production.
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Figure 4. Location of gold and copper-gold deposits and projects 
mentioned in the text.

Commodity Unit of 
Quantity

2013-141,5

Quantity 
Produced2

Quantity 
Sold3

$ Amount 
for Quantity 

Sold4,6

Metallic Minerals

Alumina 7 Tonnes 1,573,976 1,582,004 $444,770,325
Alumina 
Hydrate 7 Tonnes 282,787 204,732 $60,851,337

Bauxite 8 Tonnes 0 2,741,499 $125,587,932

Gold 9 Grams 581 0 $0

Gold Dore 10 Grams 14,655,708 14,656,952 $652,099,162

Iron Ore Tonnes 2,725,872 2,447,908 $219,006,454
Manganese Tonnes 5,553,445 5,722,530 $1,214,071,521
Mineral Sands Tonnes 3,400 0 $0
Zinc Concentrate Tonnes 109,121 79,934 $65,623,000
Zinc Lead 
Concentrate Tonnes 329,101 299,899 $273,887,000

 Metallic 
Minerals Value n/a $3,055,896,731

Non-Metallic Minerals

Crushed Rock12 Tonnes 3,805,942 3,771,877 $95,169,810

Dimension Stone Tonnes 0 0 $0

Gravel12 Tonnes 657,683 523,817 $6,285,053

Limestone Tonnes 0 0 $0
Mineral 
Specimen Tonnes 71.00 0.40 $50,184

Quicklime11 Tonnes 31,209 29,967 $10,308,648

Sand12 Tonnes 753,663 690,760 $16,193,313

Soil12 Tonnes 876,287 868,548 $13,951,870
Vermiculite Tonnes 0 0 $0
Non-Metallic 
Minerals Value n/a $141,958,878

Energy Minerals
Uranium Oxide Tonnes 1,112 3,193 $389,390,149
Total Minerals 
Value n/a $3,587,245,758

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 01 September 2014 and may be subject to 
revision due to late lodgements and/or receipt of superior data. 
6. On 1 July 2009, a new production structure was implemented based 
on $ actual on quantity sold and actual commodity removed off-site. 
The previous structure had been based on estimated $ value on quantity 
produced irrespective of sale or whether on-site or off-site. The structure 
change should be considered when comparing previous years’ data.
7. Alumina and alumina hydrate are derived from bauxite. Processing 
input and output data is deemed operator commercial-in-confidence.
8. 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. 
9. 100% gold. This does not include the gold constituting the metallic 
content of gold dore.
10. Estimated metallic content of gold dore is 91.6% gold and 8.4% 
silver.
11. Quicklime is derived from limestone. Processing input and output 
data is deemed operator commercial-in-confidence.
12. Average sales values have been applied to some non-metallic 
minerals where data was omitted or implausible.
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around 150 000 t to be mined at an average head grade of 
11–12 g/t Au, producing 50 000–60 000 oz of gold. Mining 
at Old Pirate is due to commence in the first half of 2015.

ABM also reported assays of up to 161 g/t Au at the 
Vampire prospect, located 14 km north of Old Pirate where 
mineralisation has been identified in quartz veins hosted 
primarily within sandstone.

Independence Group NL continued to conduct greenfields 
exploration at their Lake Mackay project, which is part of 
an exploration alliance with ABM. The project includes 
known prospects such as the Tekapo gold-copper prospect. 
Following a 2300 km2 closed spaced bulk leach extractable 
gold (BLEG) soil sampling program in late 2013 identified 65 
individual gold anomalies, including clusters around Tekapo 
and Terry’s Pit. Fifteen of the anomalies were tested by an 
aircore drilling program of 145 holes for 12 277 m. The best 
result was 8 m at 1.57 g/t Au at Tekapo. Drilling also tested the 
large-scale Windemere geochemical anomaly and intersected 
wide zones of quartz veining and sericite alteration. Further 
regional soil geochemistry was completed across the tenure 
during 2014 with further anomalies identified.

ABM also signed an agreement with Ord River 
Resources Ltd (now Vango Mining Ltd) to option their 
Supplejack project, including the Tregony prospect with an 
Inferred Mineral Resource of 0.65 Mt at 3.04 g/t Au. 

Tennant Region
Tennant Creek-style IOCG orebodies are believed to have 
resulted from mineralised hydrothermal fluids passing 
along shear zones and reacting with Proterozoic iron-rich 
sedimentary rocks of the Warramunga Formation, resulting 
in what are now steeply plunging, zoned, high-grade Au-
Cu-Bi sulfide orebodies. Exploration for this style of 
orebody is focused on the historic Tennant Creek mineral 
field, and on the Rover field where Tennant Creek-style 
mineralisation occurs beneath 150–300 m of overlying 
Wiso Basin sedimentary rocks.

In the Tennant Creek mineral field, Emmerson 
Resources Ltd (Emmerson) announced 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, with Emmerson remaining 
the operator. Following the announcement, Emmerson 
undertook a program of around 17 000 m of drilling in the 
second half of 2014, focussed on brownfields exploration 
for extensions of the Chariot and Eldorado deposits, and 
greenfields exploration in the Eastern project area. The 
Chariot gold deposit, located 10 km west of Tennant Creek, 
has a 2013 Indicated and Inferred Mineral Resource of 
170 000t at 17.4 g/t Au containing 99 000oz of gold. The 
mineralisation at Chariot is gold dominant with minor 
to subordinate copper and bismuth, and is hosted by 
magnetite-hematite-chlorite rock. During 2014 Emmerson 
undertook a drilling program at Chariot East with a view 
to increasing the Chariot resource base. Highlights from 
drilling at Chariot East include 4 m at 11.8 g/t Au from 
111 m and 9 m at 2.38% Cu from 87 m. At Eldorado, 
which historically produced 122 000 ounces of gold at 
17.9 g/t Au, Emmerson are testing deeper fault-offset 
mineralisation (Eldorado Deeps), which they consider 
to have never been fully explored. Drilling at Eldorado 
intersected magnetite-hematite-chlorite ironstones, many 
with anomalous gold and copper, with a best intersection 
of 4 m at 1.24% Cu. Emmerson also undertook a 269 hole, 
10,590 m geochemical RAB drilling survey over the Billy 
Boy area of the Eastern Project Area, which has generated 
anomalies of gold, copper and bismuth that will be a focus 
of follow-up exploration. No further drilling was reported 
at Emmerson’s Goanna copper-gold discovery, which has 
a 2013 Inferred Mineral Resource of 2.92 Mt at 1.8% Cu 
and 0.2 g/t Au. However Emmerson acquired four lines of 
reflection seismic at Gecko (two lines), Goanna and Chariot 
as orientation lines to test the applicability of the method 
as an exploration tool in the Tennant Creek mineral field.

Figure 5. Aerial view of the existing 
Groundrush open pit, Tanami Region.
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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. The first phase of drilling at Bluebird involved six 
holes all of which 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 25 m at 1.9% Cu and 0.3 g/t 
Au from 74 m. The second phase of drilling confirmed and 
extended the mineralisation, with results including 16 m at 
3.02% Cu, 0.65 g/t Au and 0.1% Bi from 139 m and 31 m 
at 2.48% Cu, 0.21 g/t Au and 0.03% Bi from 116 m. Blaze 
consider the prospect to be a Tennant Creek-style ironstone-
hosted orebody with significant copper and gold zonation.

The Rover field, 70 km southwest of Tennant Creek, 
has strong geological similarities to the Tenannt Creek field 

with a number of Tennant Creek-style copper-gold deposits 
occurring under overlying 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 2014 Metals X drilled 
the first two holes of a planned seven hole program at Rover 
1 with the objective of extending the Indicated portion of 
the higher grade copper and gold resource at depth below its 
current base to allow mining studies to proceed with greater 
confidence. The best intersection from this drilling was 
20.9 m at 14.5 g/t Au, 6% Cu, 0.22% Bi and 0.08% Co from 
836 m, which included a bonanza zone of 5.3 m at 48.3g/t Au, 
9.45% Cu, 0.30% Bi and 0.06% Co from 847.6 m. Metals X 
reported that these results extend zones of known high-grade 
copper and gold within the Jupiter Zone down-plunge into 
the Jupiter Deeps zone, increasing confidence in the presence 
of a continuously mineralised system.

Copper, lead, zinc, silver

Arunta Region
During 2014 KGL Resources Ltd (KGL) continued an 
aggressive exploration program at the Jervois copper-silver-
lead-zinc-gold project (Figure 6). Mineralisation at Jervois 
occurs in a series of stratabound, subvertical sulfide-
rich deposits along a 12 km strike length in the Bonya 
Metamorphics. The field was mined intermittently in the 
last century, including an open cut operation at the Green 
Parrot deposit in the early 1980s. Between September 2013 
and December 2014 KGL drilled 432 holes for 53 601 m 
at Jervois, which included resource infill and extension 
drilling and testing of new prospects. In September 2014 
KGL announced updated Inferred and Indicated Mineral 
Resources for the Jervois project of 25.3 Mt at 1.14% Cu and 
25.8 g/t Ag containing 280 000 t of copper and 18.0 Moz 
of silver. The resource also contains 113 000oz of gold. 
The copper resource includes increased resources at the 
Marshall-Reward and Bellbird deposits, and maiden JORC 
resources for the East Reward, Cox’s Find, Green Parrot 
Cu and Rockface deposits. Lead-zinc resources at the 
Marshall-Reward, Green Parrot and Bellbird North deposits 
total 2.2 Mt at 3.87% Pb. 1.65% Zn, 0.74% Cu, and 65.6g/t 
Ag. Highlights from drilling during 2014 include 18 m at 
4.92% Cu, 1.54% Pb, 0.75% Zn, 240.5g/t Ag and 0.14g/t 
Au from 10 m (north of Green Parrot), 13 m at 5.75% Cu, 
23.2g/t Ag and 0.32g/t Au from 20 m (Bellbird), 18 m at 
16.39% Pb, 0.95% Zn, 0.26% Cu, 279.1g/t Ag and 0.13g/t 
Au from 33 m (Reward) and 3 m at 22.15% Pb, 16.78% Zn, 
12.38% Cu, 963.3g/t Ag and 1.01g/t Au from 49 m (Green 
Parrot).  In late 2014 KGL drilled a 1348 m deep diamond 
hole beneath the Reward deposit, and demonstrated that the 
mineralisation extends from surface to at least 860 m depth, 
with a copper zone of 7 m at 2.07% Cu, 1.06% Pb, 2.41% Zn, 
92.1g/t Ag and 0.18g/t Au from 1100 m plus two lead-rich 
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Figure 6. Location of copper and lead-zinc-silver depoits and 
projects mentioned in the text.
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zones. A prefeasibility study at Jervois suggested that the 
project is technically and commercially feasible with strong 
upside from additional planned drilling and metallurgical 
testwork. The study forecast annual production in the order 
of 21 000 t of copper and 1 Moz of silver in concentrate for 
an initial 7 years.

Rox Resources Ltd (Rox) undertook the first ever 
drilling program at the Bonya copper project in the Bonya 
Hills, west of Jervois. At the Bonya Mine prospect, Rox 
intersected massive copper sulfide mineralisation with a 
best result of 38 m at 4.4% Cu from 60 m and ending in 
mineralisation. Other results from drilling at Bonya Mine 
include 11 m at 4.4% Cu from 30 m, 13 m at 5.4% Cu from 
111 m and 8 m at 7.6% Cu from 97 m. The intersections also 
contained anomalous silver and gold (typically 12 g/t Ag, 
0.20.4g/t Au). Rox report that mineralisation is dominated 
by chalcopyrite and is associated with hematite alteration. 
Drilling of EM anomalies elsewhere in the Bonya Hills also 
intersected copper mineralisation with a best intersection of 
2 m at 3.14% Cu from 55 m at EM Anomaly 3.

During 2014, Kidman Resources Ltd (Kidman) 
announced a maiden JORC-compliant resource for the 
Home of Bullion Cu-Pb-Zn prospect. Home of Bullion is 
located in the northern Arunta Region near Barrow Creek 
and was mined intermittently between 1923 and 1957 
producing about 1370 t of copper. The deposit consists of a 
number of northeast-plunging, magnetite-bearing, massive 
sulfide lenses within quartz-muscovite schist of the Bullion 
Schist. The calculated resource was based mainly on an 
extensive drilling campaign conducted by Kidman in 2013. 
The deposit has Indicated and Inferred Mineral Resources 
that total 2.5 Mt at 1.8% Cu, 2.0% Zn, 1.2% Pb, 36 g/t Ag, 
0.14 g/t Au and 0.02% Co, within three main lodes (Main 
Upper, Main Lower and South). Kidman announced that the 
Main Lower Lode and South Lode remain open. No further 
drilling was undertaken in 2014.

Core Exploration Ltd (Core) undertook the first ever 
drilling program at their Blueys and Inkheart prospects, 
south of Arltunga on the structurally complex margin 
between the Arunta Region and the Amadeus Basin. 
The first drilling program at Inkheart was following up 
a 2 km long silver in soil anomaly. All five holes in the 
first program intersected anomalous silver mineralisation 
with a best intersection of 4 m at 195 g/t Ag, 5.24% Pb 
and 2.49% Zn from 111 m. The mineralisation at Inkheart 
is interpreted to be primary epigenetic mineralisation 
associated with structurally controlled quartz-carbonate 
veining. A follow-up drill program intersected high-grade 
silver–lead including 3 m at 268 g/t Ag and 8.0% Pb from 
39 m. At Blueys, drilling followed up soil anomalism, 
outcropping mineralisation and IP anomalies, with a  best 
intersection in the first drill program of 1 m at 1070 g/t Ag 
and 8.21% Pb from 24 m. The near-surface mineralisation 
at Blueys is believed to be enhanced by supergene 
processes with the majority of high grade mineralisation 
at the base of oxidation within the Bitter Springs Group. 
Core also undertook drilling at the Virginia and Copper 
Royals prospects but no significant mineralised intervals 
were intersected.

TNG Ltd (TNG) undertook limited exploration in 2014 at 
the Mount Hardy copper field in the western Arunta Region 
north of Yuendemu with completion of IP, ground EM and 
downhole EM geophysical surveys. Mineralisation at the 
field is hosted in the Lander Rock Formation and locally 
outcrops at surface with historic workings. Mineralisation 
at Mount Hardy occurs as chalcopyrite, native copper and 
minor bornite and chalcocite associated with quartz veining, 
stringer stockworks and broader (>1m) veins found within 
structurally controlled zones. No drilling was undertaken at 
the project in 2014.

Pine Creek Orogen 
In August 2014 Phoenix Copper Ltd (Phoenix) announced an 
agreement to acquire the Iron Blow and Mount Bonnie massive 
sulfide deposits in the Pine Creek Orogen from Crocodile 
Gold, and to earn up to a 90% interest in the Burnside, Moline 
and Maud Creek base metals and gold exploration projects. At 
Iron Blow, Phoenix have re-calculated the mineral resources 
in accordance with JORC Code 2012 to be 2.6 Mt at 2.4 g/t 
Au, 130 g/t Ag, 4.8% Zn, 0.9% Pb and 0.3% Cu. Iron Blow is a 
stratabound polymetallic deposit that occurs within the basal 
Mount Bonnie Formation and Gerowie Tuff of the Pine Creek 
Orogen near Hayes Creek. In late 2014 Phoenix drilled two 
diamond holes at Iron Blow and intersected high-grade sulfide 
mineralisation with an upper lode of massive sulfide (Eastern 
Lode) returning 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, including 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.  A second, lower massive sulfide interval 
(Western Lode) is underlain by a gold breccia lode that lies 
outside the existing resource and which is interpreted as being 
the upper part of the hydrothermal vent sourcing the massive 
sulfide deposits. This gold breccia lode returned 26.5 m at 
1.5 g/t Au from 248 m.

Thundelarra Exploration Ltd undertook further drilling 
in 2014 at their Allamber uranium-copper project located 
north of Pine Creek, with 21 holes drilled for 3482 m. At 
Ox-Eyed Herring, the best intersection was 5 m at 4.23% 
Cu from 113 m, with associated gold, silver, tin and bismuth. 
Drilling at Hatrick intersected 3 m at 1.56% Cu from 204 m. 
Results from drilling undertaken in late 2013 were released 
in 2014 and included 33 m at 0.74% Cu from 4 m at Catfish, 
4 m at 1.04% Cu from 91 m at Ox-Eyed Herring and 5 m at 
0.93% Cu and 0.37% W from 37 m at the Nipper prospect, 
which appears to be skarn-related.

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. 
It opened as an underground mine in 1995 and has since 
been converted to open cut (Figure 7). At 31 December 
2012 the McArthur River mine had total Measured and 
Indicated Mineral Resources of 163 Mt at 11% Zn, 4.7% 
Pb and 48 g/t Ag and total Ore Reserves of 110 Mt at 10% 
Zn, 4.7% Pb and 47 g/t Ag. During 2013-14 MRM produced 
470 000 t of bulk zinc and zinclead concentrate. The very 
fine-grained, thinly bedded sulfide ore is hosted in the HYC 
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Pyritic Shale Member of the Barney Creek Formation. The 
$360 million Phase 3 Development Project at McArthur 
River is in progress and will lead a doubling of production 
capacity to approximately 5.5 Mtpa and an increase in bulk 
zinc/lead concentrate volume to 800 000 tpa. The expansion 
will extend the life of mine by eleven years to 2038. 

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 McArthur River, 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 ‘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. Following the discovery of high 
grade mineralisation by drilling in 2013 (eg 26.4 m at 11.6% 
Zn and 1.7% Pb from 1060 m including 8.0 m at 18.4% Zn 
and 2.9% Pb), six holes were drilled in 2014 for a total of 
4822 m. The drilling confirmed that mineralisation extends 
over approximately 1.9 km in strike length (east-west) and 
0.8 km in width, with a number of stacked mineralised zones 
that vary in thickness. Intersections included 25.5 m at 7.9% 
Zn and 1.23% Pb from 796 m (including 14.7 m at 11.53% 
Zn and 1.79% Pb), and 34.4 m at 5.42% Zn and 0.78% Pb 
from 653 m (including 4.9 m at 10.23% Zn and 1.55% Pb). 
The highest grade mineralisation seems to occur in the keel 
of an east-trending syncline; interpreted as the deepest part 
of the depositional basin.

MMG Exploration Pty Ltd (MMG) continued to actively 
explore in the Batten Fault Zone area in the McArthur Basin 
under their Batten Trough JV with Sandfire Resources and 
their Matchbox JV with Castile Resources (a subsidiary 
of Metals X). No results have been publicly reported from 
their exploration.

Redbank Copper Ltd has a substantial land holding in 
the McArthur Basin near the Queensland border, including 
the Redbank project where copper mineralisation is hosted 
in breccia pipes. Total Indicated and Inferred Mineral 
Resources for the Redbank project area are 6.24 Mt at 1.5% 

Cu containing 95 900 t of copper. In late 2014 Redbank 
drilled 13 holes totalling 1256 m, at the Bluff, Punchbowl, 
Redbank and Sandy Flat deposits, with assays pending.

Diamonds

In September 2014 Merlin Diamonds Ltd completed a 
feasibility study on mechanical clamshell mining at their 
Merlin Project in the McArthur Basin (Figure 8). The 
Merlin Project 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, 
which 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. Merlin have announced that 
they plan to restart production at the Merlin mine in 2015. 
No exploration drilling results were reported during 2014.

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 142 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. Following a 
2013 decision to suspend operation of the Gove refinery, a 
staged suspension occurred from February to July 2014, with 
the refinery entering care and maintenance in August. As 
a result, during 2013/2014 Gove produced only 0.676 Mt of 
alumina. Mining of bauxite for export is ongoing. Exploration 
for bauxite has been fairly limited in the Territory, although 
Rio Tinto Exploration Pty Ltd has been exploring on the Cato 
Plateau in partnership with BHP Minerals Pty Ltd.

Figure 7. McArthur River zinc-lead-
silver open cut mine.
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Iron ore

2014 was a challenging year for iron ore in the NT with a 
sharp drop in iron ore prices leading to the Frances Creek 
and Roper Bar mines both ceasing production and moving 
into care and maintenance. 

Territory Resources Ltd, which is owned by Singapore-
listed Noble Group, has operated an iron mine at Frances 
Creek since 2007. The iron mineralisation occurs in a 
fault breccia in the lower Wildman Siltstone and ranges in 
composition from haematite to goethite and limonite. There 
are over 50 named occurrences and prospects covering a 
distance of approximately 35 km. Resources and reserves 
at Frances Creek announced in 2010 included a total 
Probable Ore Reserve of 5.8 Mt at 57.9% Fe, and Indicated 
and Inferred Mineral Resources of 9.9 Mt at 58.1% Fe.  
During 2012-13 Territory Resources produced 1.37 Mt of 
iron ore from Frances Creek. The mine moved into care and 
maintenance in late 2014.

Iron mineralisation in the Roper 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. During the first half 
of 2014 Western Desert Resources Ltd (WDR) continued 
operation of their Roper Bar iron ore mine following the 
first shipment of iron ore in December 2013. Mining was 
undertaken from the Danehill and Zabeel pits (Areas E and 
F) and hauled via a private 160 km haul road to a barging 
facility at Bing Bong on the Gulf of Carpentaria. 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, 2.0% 
Al2O3, 0.005% P and 2. 5% LOI, including Proved and 
Probable Ore Reserves of 14.4 Mt at 59% Fe. From January 
to June 2014, 741 395 t of iron ore was shipped from Bing 
Bong, with a further 250 000 t reported in July. WDR 
entered voluntary administration in September 2014, and 
mining ceased. 

In the first half of 2014 Sherwin Iron Ltd (Sherwin) 
continued development work at their Roper River project, 
located around 100 km west and northwest of the Roper 
Bar project. 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, including 18.4 Mt at 58.3% Fe at Sherwin 
Creek (Deposit C) and 22.7 Mt at 57.5% Fe at Hodgson 
Downs (Deposits W and X). Almost all of the higher-grade 
resources are in the Indicated category. In the first half 
of 2014 Sherwin continued to extract DSO from a bulk 
sample pit at Sherwin Creek with in excess of 272 000 t 
of ore extracted through the entire bulk sampling process. 
This was exported through Darwin port for testing in 
China. In mid2014, following a sharp fall in the iron ore 
price, Sherwin went into administration, and activities 
ceased.

In June 2014 Sherwin announced results from initial 
reconnaissance drilling at the Mount Scott prospect located 
20 km southeast of Deposit C. Eleven widely spaced 

diamond holes were drilled over a 3 km strike length, with 
best results being 1 m at 63.0% Fe from 4 m, 0.75 m at 65.5% 
Fe from 15 m and 2.75 m at 55.7% Fe from 2.75 m.

The Yalyirimbi iron project occurs in the Ngalia Basin 
northwest of Alice Springs where hematite occurs within 
Neoproterozoic Vaughan Springs Quartzite. To date 
Ferrowest Ltd (Ferrowest) have earned 51% of project from 
Arafura Resources Ltd by defining Indicated and Inferred 
Mineral Resources of 13.3 Mt at 27.1% Fe, 53.9% SiO2, 
4.3% Al2O3. 0.02% P, 0.08% S and 2.3% LOI. The resource 
is located in two deposits (A and M) totalling 1.5 km in 
length.  Ferrowest describes the mineralisation as occurring 
within a quartz-iron vein system. No further on-ground 
exploration was announced in 2014.

The Warrego tailings project, 36 km northwest of the 
township of Tennant Creek, is owned by Aard Metals Ltd 
(Aard). The project area comprises five tailings dams from 
the historical mining of ironstone-hosted copper and gold. 
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Aard are evaluating the project with a view to the production 
of a magnetite concentrate with copper and gold as potential 
by-products. In December 2014 Aard was placed in external 
administration.

TNG announced results from a three hole drilling 
program at their Legune iron prospect, which forms 
part of their Manbarrum project in the Bonaparte Basin, 
located 80 km north-northeast of Kununurra near the WA 
border. The drilling indicates that iron mineralisation 
at Legune is hosted within the Devonian Cockatoo 
Formation, and that a consistent layer of ochrous hematite 
mineralisation extends to only minimal depth with all 
high grade hematite being intersected less than 20m from 
the surface. The best intersection from the drilling was 
4.3 m at 59.1% Fe from 4.9 m.

Manganese

Oolitic and pisolitic ore in Mesozoic sedimentary rocks on 
Groote Eylandt in the Gulf of Carpentaria forms one of 
the world’s highest-grade manganese deposits of 175 Mt at 
44.8% Mn. The mineralisation is a stratiform sedimentary 
deposit in shallow marine Cretaceous sediments, and is 
commonly oolitic or pisolitic.  It was discovered in 1960 
and has been continuously mined by the Groote Eylandt 
Mining Company (GEMCO) since 1966. Production from 
Groote Eylandt in 2014 totalled 4.837 Mt of manganese, 
similar to production levels in 2013. 

The other operating 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 2013 the total Mineral Resources for 
Bootu Creek were 23.5 Mt at 22.3% Mn and Ore Reserves 
were 12.5 Mt at 20.9% Mn. During 2014 OM Manganese 
mined 2.04 Mt of ore at 22.45% Mn, resulting in full year 
manganese production of 890 337 t grading 35.84% Mn. 
No exploration results were announced in 2014.

Pacifico Minerals Ltd (Pacifico) have a farm-
in arrangement with Sandfire Resources Ltd on the 
Borroloola West JV, which extends from Cape Crawford 
north to the Limmen Bight in the McArthur Basin.  
Pacifico is focussing on the manganese and copper 
potential of the tenements and completed thirteen 
aircore drillholes in late 2013 at the Towns and Lorella 
prospects to provide stratigraphic and geochemical 
information to assess manganese and copper potential. 
Micropalaeontology on drill samples confirmed an 
Albian (113–100 Ma) age for Cretaceous samples from 
Carpentaria Basin sediments.  Pacifico considered 
that the interpreted age and depositional environment 
enhanced the prospectivity for Groote Eylandt-style 
manganese mineralisation. No further on-ground 
exploration was reported in 2014.

Other companies exploring for manganese in the 
Territory include Bligh Resources Ltd, Universal Splendour 
Investments Pty Ltd (Amadeus, McArthur and Birrindudu 
basins) and Sinosteel Australia Pty Ltd (Tomkinson 
Province and McArthur Basin).

Nickel

In September 2014 MMG Exploration Pty Ltd (MMG) 
withdrew from the Huckitta and Harts Range Option and 
Joint Venture where they had been exploring for mafic-hosted 
nickel-copper mineralisation in joint venture with Mithril 
Resources Ltd (Mithril). MMG undertook detailed airborne 
magnetic surveys through the area, which was followed 
up by a 14 hole drilling program in late 2013 and a ground 
EM survey in 2014. Although drilling intersected a range of 
gneissic and amphibolite rock types including disseminated 
sulfides (pyrite–pyrrhotite) in a number of holes, Mithril 
reported that adverse ground conditions meant that several 
targets were not drilled and remain untested. 

As part of the Lake Mackay Regional Project Alliance 
between Independence Group NL and ABM Resources 
NL, Independence Group undertook a surface geochemical 
survey and rock-chip sampling at the Du Faur prospect 
located 30 km northeast of Kintore in the southwestern 
Aileron Province. The soil sampling 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.

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 with 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. In July 2014, Thor 
announced a significantly upgraded open cut Probable Ore 
Reserve of 3.0 Mt at 0.31% WO3 and 0.12% MoS2. The 
mineral resources upgrade to ore reserves was attributed 
to successful test results of pre-concentration of ore using 
ore sorting technology. This was followed by an updated 
Feasibility Study released in January 2015 with a mine life 
extended to six years.

At the historic Hatches Creek tungsten field in the 
Davenport Province, Arunta Resources Ltd announced a 
maiden JORC-compliant resource for surface stockpiles of 
historically mined ore. The Inferred Resource is 225 066 t 
at 0.58% WO3 for 1311 t WO3. The field contains numerous 
underground mines that were mined between 1915 and 1957 
exploiting quartz veins containing wolframite with lesser 
scheelite, bismuth and copper oxides. Arunta have also 
announced plans to drill some of the lodes and resources 
beneath the old mines at Hatches Creek. In January 2015 
Arunta announced an agreement with GWR Group under 
which GWR Group can earn 50% of the Hatches Creek project 
by spending $1.5 million on exploration and development.

Vanadium-titanium-iron

TNG’s Mount Peake project is a gabbro-hosted vanadium-
titanium-iron prospect in the northern Arunta Region 
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located 60 km west-southwest of Barrow Creek. It contains 
Measured, Indicated and Inferred Mineral Resources of 
160 Mt at 0.28% V2O5, 5.3% TiO2 and 23.0% Fe. During 2014 
TNG continued to progress a definitive feasibility study 
on the project, and signed a number of agreements with 
overseas parties for the financing, construction and offtake 
from Mount Peake. TNG have a two-stage development plan 
for Mount Peake, with a low CAPEX start-up development 
producing a magnetite concentrate for export prior to 
moving to development of a TIVAN metallurgical plant to 
produce the higher value, high-purity iron, vanadium and 
titanium oxide production. In April 2014 TNG announced 
the results of drilling at the Eastern Target located 5–8 km 
east of the current Mount Peake resource. The drilling 
results confirmed the presence of a large magnetite-rich 
gabbro with similarities to the host gabbro at Mount Peake.

Graphite

TNG drilled two holes into EM anomalies BCG1 and G34 
targeting graphite mineralisation in the Arunta Region near 
Mount Peake. The most encouraging results were from 
BCG1 where the best intersection was 39.7 m at 5.13% C 
(graphite) from 246 m (4% cutoff). The samples returned 
final concentrate grades in excess of 90% graphite, which 
TNG reported was indicative that a saleable product could 
be generated from the BCG1 prospect. The graphite at 
BCG1 occurs consistently though an interval of dark grey 
graphitic and pyritic silicified schist. 

Magnesite

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 of the Pine Creek 
Orogen, 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 run-of-
mine ore at an 80% magnesite-fines ratio. Korab announced 
that they were seeking financing options for the project.

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 early 2015. 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.

Australian Ilmenite Resources Pty Ltd (AIR)’s ilmenite 
mine at their SILL80 project in the Roper River area 
remained in care and maintenance during 2014, and AIR 
went into voluntary administration during the year. The 
ilmenite is associated with Derim Derim Dolerite sills in 
the Roper Group and related placer deposits. This SILL80 

deposit has been reported to contain 4.5 Mt of ilmenite, 
although this is not JORC-compliant.

Rare earth elements

Arafura Resources Ltd (Arafura) are operators of the Nolans 
Bore rare earth elements project located in the Reynolds 
Range, 135 km northwest of Alice Springs. Measured, 
Indicated and Inferred Mineral Resources at Nolans Bore 
announced in 2012 totaled 47 Mt at 2.6% rare earth oxides 
(REO), 11% P2O5 and 0.02% U3O8 containing 1.22 Mt REO, 
5.4 Mt P2O5 and 8830 t U3O8. The Probable Ore Reserve for 
Nolans Bore is estimated at 24 Mt at 2.8% REO, 12% P2O5, 
0.02% U3O8. 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. In September 2014 Arafura 
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released a Nolans Development Report outlining the 
company’s development plans for Nolans, including a plan 
to commence production in 2019 with a production target 
of 20 000 t of REO per annum. Arafura submitted a Notice 
of Intent for the project in December 2014, and a definitive 
feasibility study is ongoing. Recent exploration activity by 
Arafura has largely focussed on identifying water resources 
for the project.

Spectrum Rare Earths Ltd (Spectrum) focused their 
2014 exploration drilling on the Skyfall rare earths prospect 
located 140 km west of Katherine. The mineralised area 
occurs over an area of 6 x 1 km, and 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. 
Trial pit and drilling results during 2014 led to the release 
of a JORC Exploration Target for Skyfall of 17–21 Mt at 
0.4–0.6% TREO, of which 36–38% are Magnetic End Use 
Rare Earth Oxides (MEUREO, classified by Spectrum 
as Dy, Tb, Nd, Pr, Sm and Gd). In early 2014 Spectrum 
released the results of trial pits with a best assay of 1.58% 
TREO including 0.35% Nd2O3 and 477 ppm Dy2O3, and best 
sampling intersection of 2 m at 0.59% TREO. The main 
rare earth minerals at Skyfall include secondary yttrium 
phosphate (xenotime-churchite) and aluminium phosphate/
crandalite group minerals such as florencite. Thorium and 
uranium levels in the deposit are low (12.5 ppm and 32 ppm 
respectively).

Crossland Strategic Metals Ltd undertook no exploration 
in 2014 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. The combined mineral resource 
contains 235 150 t of TREO, including 57 965 t of xenotime 
and 328 135 t of monazite. 

Northern Minerals undertook limited exploration in the 
NT during 2014. They conducted reconnaissance exploration 
in the Browns Range Dome located in the Tanami Region, 
immediately east of their existing heavy rare earths resource 
at their Browns Range project in WA. Further mapping and 
sampling was undertaken at the historic Boulder Ridge 
occurrence located near the Tanami Road 30 km east of 
the WA border where mineralisation occurs in xenotime-
bearing quartz veining within the Pargee Sandstone. Results 
have not yet been reported. Previous rock-chip sampling in 
2013 yielded a maximum grade of 12.28% TREO including 
1.15% Dy2O3. 

Phosphate

The Georgina Basin is a world-class basin for sedimentary 
phosphate, and remains the focus of most phosphate 
exploration and development activity in the NT.

Minemakers Ltd’s Wonarah phosphate deposit occurs 
in the Cambrian upper Gum Ridge Formation or basal 
Wonarah Formation within the Georgina Basin, close to the 

Barkly Highway. The deposit has 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. During 2014 Minemakers 
continued to progress a revised bankable feasibility study, 
focussed solely on the development of Wonarah using 
patented Improved Hard Process (IHP) owned by JDC 
Phosphate Inc (JDCP) to produce superphosphoric acid at 
around 70% P2O5 with a by-product of usable inert spent 
pellets. Commissioning and commercialisation of the JDCP 
demonstration plant in Florida has experienced a number 
of challenges and is ongoing. No exploration activity was 
reported by Minemakers in 2014.

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 Measured, Indicated and 
Inferred Mineral Resources of 1.145 Bt at 14% P2O5 (at 10% 
P2O5 cutoff) or 348 Mt at 18% P2O5 (at 15% cutoff). They 
submitted a Notice of Intent for the project in April 2014 
and released a prefeasibility study in September 2014. The 
prefeasibility study supported the economic potential of the 
project to be developed as a phosphate rock export operation 
or for downstream fertiliser production using proven 
technologies. In the latter part of 2014 Rum Jungle drilled 
60 holes for 1808 m on tenements between the Ammaroo 
deposit and the railway, but intersected no significant 
phosphate, leading to a rationalisation of tenure.

In June 2014 Rum Jungle announced a maiden mineral 
resource for their Ammaroo South deposit, 5080 km 
southeast of the main Ammaroo deposit. Inferred Mineral 
Resources for the Ammaroo South deposit are 70 Mt at 13% 
P2O5 (at 10% P2O5 cutoff) or 13 Mt at 17% P2O5 (at 15% 
cutoff). At the Patanella phosphate project (formerly Lucy 
Creek) in the southern Georgina Basin near the Jervois 
Range, Rum Jungle announced a JORC Exploration Target 
of 2050 Mt at 15–20% P2O5 (at 10% P2O5) based on existing 
drilling.

Potash

Rum Jungle continued to progress their Karinga Lakes 
potash project located between Erldunda and Curtin 
Springs, 200–300 km southwest of Alice Springs. The 
Karinga Creek drainage system contains hundreds 
of salt lakes representing the eastern extension of the 
Lake Amadeus system. In February 2014 Rum Jungle 
announced an increase in resources at Karinga Lakes with 
Measured, Indicated and Inferred Mineral Resources of 
8.4 Mt K2SO4 at an average resource thickness of 17 m and 
contained beneath 25 lakes with a total area of 132 km2. 
This equates to a maximum schoenite resource of 19 Mt. 
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). A scoping study on 
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the Karinga project was released in December 2014 that 
supported the production of either sulphate of potash (SOP; 
potassium sulfate) fertilizer or an intermediate product and 
potassium magnesium sulfate fertiliser (schoenite).

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. Tellus completed a drilling program in January 
2014 with two holes drilled for 1938 m. The top of the salt 
unit was intersected at depths of 772 m and 825 m in the 
two holes. On the basis of the new drilling, and existing 
drilling and seismic data, a maiden mineral resource was 
announced in July 2014 with a Measured Mineral Resource 
of 309 Mt NaCl, and Indicated and Inferred Mineral 
Resources of 1.128 Bt NaCl and 3.103 Bt NaCl respectively, 
with an average halite grade of 88.6%. 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.

Uranium

Ranger is a world-class uranium deposit hosted in the lower 
Cahill Formation in the Pine Creek Orogen close to the 
structural contact with the underlying Archaean Nanambu 
Complex. At the end of 2014 Ore Reserves at Ranger 
(entirely within stockpiles from Ranger 3 pit) are 5.05 Mt 
at 0.123% U3O8 for 6206 t U3O8, and Mineral Resources (in 
stockpiles and in Ranger 3 Deeps) are 50.87 Mt at 0.10% 
U3O8 for 52,711 t U3O8. During 2014 Energy Resources 
of Australia Ltd (ERA)’s Ranger Mine produced 1165 t 
of uranium oxide, down 61% from 2013, largely due to 
suspension of processing following a leach tank failure 
in late 2013. All production was from stockpiles from the 
Ranger 3 open pit, which is now backfilled and is being 
prepared to accept tailings. Construction of the Ranger 3 
Deeps exploration decline was completed in late 2014 with 
the final face position at 2710 m from surface. As part 
of the Ranger 3 Deeps prefeasibility study, 47 000 m of 
resource drilling has been undertaken. In September 2014 
ERA announced updated Measured, Indicated and Inferred 
Mineral Resources for Ranger 3 Deeps totalling 12.19 Mt 
at 0.285% U3O8 for an estimated contained 34 761 t U3O8. 
Drilling highlights for Ranger 3 Deeps during 2014 include 
10 m at 1.47% U3O8 from 203 m, 50 m at 0.803% U3O8 from 
110 m and 45 m at 0.70% U3O8 from 112 m. A prefeasibility 
study on the Ranger 3 Deeps underground mine is scheduled 
to be completed in late 2014. Surface exploration in 2014 
involved 25 holes for 11 184 m of drilling with no significant 
intercepts identified.

Western Arnhem Land continued to be an important 
focus for uranium exploration in the NT in 2014. 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 
2014 program. This project area includes their Angularli 
prospect where Cameco have reported an intersection of 
20.2 m at 5.2% U3O8 (including 0.5 m at 27.8% U3O8). The 
uranium mineralisation intersected at the Angularli prospect 
is primarily associated with a post-Kombolgie Subgroup, 
north northwest-trending reverse fault, and mainly occurs 
in the hangingwall of a structural zone that extends from 
the basement into the sandstone cover. 

Alligator Energy Ltd (Alligator) continued to actively 
explore their Tin Camp Creek project located south of 
Nabarlek with a total of 5965 m of diamond and RC drilling 
during 2014, targeting the Orion North, NE Myra, Mintaka, 
Orion South and Orion East prospects. At NE Myra, 
uranium mineralisation was intersected in two holes located 
500 m apart, with a best intersection of 3 m at 1489 ppm 
U3O8 from 60 m. At Mintaka, the best intersection was 4 m at 
723 ppm U3O8 from 38 m, including 1 m at 2299 ppm U3O8. 
Anomalous uranium (>200 ppm U3O8) was intersected in a 
further three drillholes in the Mintaka area over a 1.5 km 
strike length defined by SAM/MMR anomalies. At Orion 
South, extensive radiogenic pathfinder anomalies have 
been defined by surface sampling and drilling. Alligator 
also applied SAM/MMR surveys and radiogenic pathfinder 
geochemistry as potential new techniques to identify uranium 
deposits under the Kombolgie Subgroup cover rocks. 

Rockland Resources Pty Ltd undertook an exploration 
program at the Hayes Creek uranium project in 2014, 
including the Thunderball deposit. No results have been 
publicly released.

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. Exploration at Bigrlyi and surrounding 
prospects is designed to achieve an increase in the resource 
base to improve project economics as recommended by 
a 2011 prefeasibility study. In early 2014 Energy Metals 
announced maiden Inferred Mineral Resources for the 
Camel Flat prospect (211 300 t at 0.138% U3O8), Anomaly 
15 East (142 000 t at 0.132% U3O8) and Bigwest (407 300 t 
at 362 ppm U3O8). 

Onshore petroleum

The Territory has seen an ongoing high level of interest 
and activity in onshore petroleum activity during 2014 
with nineteen new wells drilled for a total of 25 798 m, 
and two new production licences granted. Figure 10 shows 
petroleum tenure and basins with the locations of wells 
drilled in 2014 in the NT. 

McArthur Basin
Armour Energy Ltd (Armour) have a significant 
landholding in the southern McArthur Basin and northern 
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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. A number of drillholes in 2012 and 2013 
demonstrated the existence of an active petroleum system 
in the area, but no further drilling was undertaken in 2014.  

Imperial Oil and Gas Ltd drilled four shallow stratigraphic 
core holes in 2014 in the St Vidgeon region located south 
of Ngukurr within EP184. The company announced that 
the holes intersected organic carbon-rich shales with ‘fair’ 
potential for the production of hydrocarbons. The wells 
have been plugged and abandoned.

The Beetaloo Sub-basin is a significant deopcentre 
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 
well documented shale gas and shale oil play. 

On 2 May 2014 Falcon Oil & Gas Australia Ltd announced 
a joint venture over its permits in the Beetaloo Sub-basin 
with Origin Energy Resources Limited (Origin) and Sasol 
Petroleum Australia Limited. Origin will be the operator 
of the joint venture, and are planning a $165 million nine 
well exploration and appraisal program that is specifically 
designed to take the project towards commerciality. The 
first wells in this program are expected to be drilled in 
2015 with the primary target being the shales of the middle 
Velkerri Formation.

In December 2012 Santos Ltd (Santos) farmed 
into three exploration tenements owned by Tamboran 
Resources located to the north and east of the Beetaloo 
Sub-basin. Santos can earn a 50% interest by undertaking 
a $41 million phase one work program in three years. In 
2014 Santos drilled the Tanumbirini-1 exploration well in 
EP161 to a depth of 3945 m. The primary target, the middle 
Velkerri, yielded multiple thick intervals of organic-
rich rocks accompanied by significant mud gas shows. 
Elevated gas readings were encountered over a total gross 
interval in excess of 500 m. The well has been suspended 
for potential re-entry in 2015.

Pangaea Resources Pty Ltd (Pangaea) have a large 
tenement holding over previously unexplored western 
extensions of the Beetaloo Sub-basin, extending from 
the Daly Waters Arch (near the Stuart Highway) to the 
outcropping Birrindudu Basin. Following a large regional 
seismic program in 2013, Pangaea drilled three core 
stratigraphic holes (Manbulloo-S1, Hidden Valley-S2 
and Tarlee-S3), during 2014 in EP167 and EP168. The 
stratigraphic core holes were plugged and abandoned after 
formation evaluation and coring had been completed. 
Pangaea is a private company and results of the drilling 
have not been publicly released.

As part of the renewal process for Falcon Oil and Gas’s 
tenements in the Beetaloo Sub-basin, 50 blocks were 
relinquished along the western margin of their tenure. They 
were released as Acreage Release EPNT14-1, and following 
a competitive process, Inpex Oil and Gas Australia Pty Ltd 

were awarded the right to proceed an exploration permit 
application over the area.

Georgina Basin
Petrofrontier Corp is a TSX-listed company with extensive 
landholdings to explore for conventional and unconventional 
oil and gas in the southern Georgina Basin. Under the terms 
of an amended farm-in agreement between Petrofrontier and 
Statoil Australia Theta BV (Statoil), Statoil drilled five wells 
in 2014. The OzAlpha-1 well was drilled to a total vertical 
depth (TVD) of 1250 m and encountered a combined total of 
about 88 m of lower Arthur Creek Formation ‘Hot Shale’ and 
Thorntonia formations. Multiple oil shows were recorded 
with a total net oil pay of 20 m utilizing a porosity cut off 
of 2% and a water saturation cut-off of 58%. The OzBeta-1 
well was drilled to a TVD of 1442 m and encountered about 
124 m of lower Arthur Creek Formation ‘Hot Shale’ and 
Thorntonia formations with multiple oil shows recorded and 
a total net oil pay of 29 m. The OzBeta-1 well was perforated 
over a 3 m interval within the Arthur Creek Formation ‘Hot 
Shale’ from 1347 to 1350 m depth and a small water based 
hydraulic stimulation was successfully completed. Testing 
operations, utilizing a coiled tubing conveyed jet pump 
were then carried out. No oil or gas was produced and the 
well was abandoned.  The OzGamma-1 well was drilled to 
a depth of 1069 m and penetrated the lower Arthur Creek 
and Thorntonia formations. The OzDelta-1 well was drilled 
to a TVD of 840 m and encountered a combined total of 
approximately 98 m of lower Arthur Creek Formation 
‘Hot Shale’ and Thorntonia formations. Multiple oil shows 
were recorded with a total net pay of 19 m. The well was 
perforated at 737.5 and 736 m using an abrasion jetting tool 
within the lower Arthur Creek Formation. A small water 
based hydraulic stimulation was successfully completed 
and testing operations, utilizing a coiled tubing conveyed jet 
pump were carried out. No oil or gas was produced. These 
test results, along with those of the OzBeta-1 well, suggest 
insufficient reservoir permeability to allow hydrocarbon 
flow. The fifth well, OzEpsilon-1 was drilled to provide 
stratigraphic information and reached a depth of 665 m.  The 
well encountered a combined total of approximately 81 m of 
lower Arthur Creek Hot Shale and Thorntonia formations. 
The well was abandoned due to its shallow depth and a lack 
of hydrocarbon indicators while drilling. Following the 
unsuccessful testing of OzBeta-1 and OzDelta-1, Statoil 
announced that it would not proceed to the next stage of the 
joint venture. All wells have been plugged and abandoned.

Amadeus Basin
The NT’s total onshore oil production comes from the 
Santos-owned and operated Mereenie field and Central 
Petroleum Ltd’s Surprise field, both located west of Alice 
Springs. From January to end of November 2014, Mereenie 
produced 0.266 million barrels (mmbbls) of oil, a 24% 
increase from the 0.203 mmbbl produced in 2013. Surprise 
field commenced production in 2014 and produced a total of 
0.056 mmbbl by the end of the year. 

NT’s onshore gas production comes from the Mereenie 
and Palm Valley fields in the Amadeus Basin located west 
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of Alice Springs. In 2014, 2.667 billion standard cubic 
feet (bscf) of gas was produced from the fields. Mereenie 
produced 1.733 bscf while Palm Valley produced 0.934 bscf 
at the end of 2014. In March 2014 Central Petroleum 
completed the acquisition of the Palm Valley and Dingo gas 
fields from Magellan Petroleum.

Following the granting of a production licence, Central 
Petroleum commenced the development of the Dingo gas 
field in 2014 with the construction of a 50 km gas pipeline 
to the Brewer Estate in Alice Springs. First sales of gas 
from the Dingo field to the Power and Water Corporation 
are expected in the first half of 2015. 

Central Petroleum also moved into production at 
their Surprise oilfield in the western Amadeus Basin.  
Oil at Surprise is reservoired within the lower Stairway 
Sandstone, and the company believes that the Horn Valley 
Siltstone is the source of the oil. Reserve estimates at 
Surprise total 7.48 mmbbls of Original Oil in Place (3P) 
giving 3P Recoverable Reserves of 2.1 mmbbls. Following 
the granting of a production licence over the Surprise field 
in February 2014, the field went into production. In the last 
quarter of 2014, the field was producing an average of 157 
barrels per day.

Central Petroleum also have 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. In 
2014 Santos completed the Mt Kitty exploration well, which 
was drilled to a depth of 2140 m targeting the Heavitree 

Quartzite at the base of the Amadeus Basin. Elevated gas 
readings were observed in four separate flow tests. The 
flow test at 2144 m recovered gas at an initial rate of around 
500 000 cubic feet per day (cfd) declining to 70 000 cfd after 
10 minutes. The test at 2156 m produced at a rate of 530 000 cfd 
decreasing to 420 000 cfd after 18 minutes accompanied by 
a gas flare and no water. Further flow tests at 2185 m and 
2252 m recorded comparable flow rates. Gas samples have 
been collected for analysis. Preliminary site analyses indicate 
the gas is high in helium, up to 5.8% (uncorrected for inert 
content). Logging of the hole indicated that the Heavitree 
Quartzite was not encountered in the drilling, and that the 
gas emanated from fractures within granitic basement.

Bonaparte Basin
Beach Energy Ltd (Beach) have a farm-in agreement with 
Territory Oil and Gas Pty Ltd (TOAG) to earn up to a 90% 
interest in TOAG’s tenements in the onshore Bonaparte 
Basin, and up to 55% interest in adjacent offshore tenements. 
During 2014 Beach drilled the Cullen-1 well to a depth 
of 3325 m with the primary targets being the Bonaparte 
Formation and Milligans Formation. The well was cased 
and suspended for future testing after intersecting 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 
description analyses.

A key priority of the CORE initiative is to improve the 
delivery of data and information to industry, particularly 
online. The petroleum well completion reports collection has 
recently been added to GEMIS (the Geoscience, Exploration 
and Mining Information System) enabling searching and 
download of reports and associated data. Additional full text 
files have been added to the mineral reports collection, and 
as of February 2015 open file mineral exploration reports and 
data can be downloaded for the period 1990 to the present. 
Searches within GEMIS now can be carried out over single 
or multiple collections depending on the user’s requirements.  

Two existing spatial data delivery systems within the 
Department of Mines and Energy, the Titles Information 
System (TIS) and STRIKE, have been replaced by a 
single integrated system on a new, modern platform with 
significant capacity for further integration and growth. The 
new system retains the name STRIKE and offers significant 
benefits to our industry clients and more broadly to spatial 
data users in general. 

Other significant achievements since March 2014 include 
the completion and release of a number of new HyLogger 
Data Packages, six new records and data and images for 
several geophysical surveys.  

Mineral Industry Reports

GEMIS was launched just prior to AGES 2014 with a single 
collection, the mineral industry reports. At launch all open 
file reports were searchable and reports from 1995 to the 
present were available for download.  As of February 2015, 
files for a further five years of reports from 1990-94 have 
been added to GEMIS and are now available for download.

Public release of reports five years after submission 
under provisions in the Mineral Titles Act (MTA) has been 
under way since late 2013. Since March 2014 reports from 
1985 to 1995 have been open filed and reports for 1996 and 
1997 will be released by June 2015.

Petroleum Well Completion Reports

In late January 2015 a new collection was added to GEMIS. 
At the same time the system was upgraded and the user 
interface refreshed. The well completion reports collection 
now available via GEMIS replaces in part the Petroleum 
Exploration Reports (PEX) database. All other petroleum 
reports are still searchable in PEX but there are plans for 
phased migration to GEMIS. 

Over the last year a major effort has been put into 
upgrading the onshore well completion report records 
and preparing the files for web delivery. The majority of 

Geoscience web systems and products update
Tracey Rogers1,2

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

2 Email: tracey.rogers@nt.gov.au.
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the open file reports and associated well data for 150 wells 
are available for download with the exception of datasets 
over 1.5 Gb. As of February 2015, 279 of 358 reports have 
files attached, the remaining 79, covering 16 wells, will be 
uploaded over the coming months.  Reports and datasets 
that cannot be downloaded will be provided as usual upon 
request to the Minerals and Energy InfoCentre. 

Recapping, searches will run across all available 
GEMIS collections by default, unless the search is limited 
to a specific collection. Simple searching using the standard 
text box includes full text searching of report contents while 
advanced search options allow users to limit search results 
by defining indexed fields, such as “geological province”. 

Results are displayed in a table format and include the 
number of files available for download for each report. Users 
can either download all files for selected reports from the 
results list using the “Add to cart” button or select specific 
files from each individual report page. 

The detailed record for each report is accessed by 
clicking the relevant title on the results page. Each individual 
record shows basic bibliographic data, 250k and 100k 
mapsheets, subject terms, geological province, spud date, 
rig release date and bottom hole formation; and includes a 
list of files attached to that report (Figure 1). If there are no 
files attached, users can choose to request the item from the 
InfoCentre by adding the item to the request cart. 

Figure 1. GEMIS record details, showing related downloadable files.
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STRIKE

In November 2014 a completely redeveloped STRIKE 
was launched (Figure 2). In the three months since it 
was publicly released, the department has received and 
welcomed a significant amount of feedback regarding 
the new system. STRIKE now incorporates all the data 
and basic functionality of both the TIS and the previous 
version of STRIKE. Although there have been some initial 
problems, particularly with delivery and representation of 
titles data, the issues have been given serious attention and 
the majority of the issues resolved. The resolution of these 
issues has been high priority for the STRIKE support 
team. 

STRIKE is now based on a modern and robust platform 
which facilitates increased integration and the ability to 
deliver and access data using international web mapping 
standards, resulting in improved performance in terms of 
speed and a clear path for future growth. The system now 
provides integration between several systems, for example 
STRIKE now links to GEMIS from the historical mineral 
titles layer and from the titles reports to access the relevant 
open file reports. It also includes additional layers from 
other government agencies, quick search functionality 
across many layers, vastly improved presentation of search 
results and more regular updating of geoscientific content. 
The display of a latitude/longitude coordinate grid in the 

map window and when printing maps has been also been 
added since the launch, enabling users to easily identify 
the location. 

Over the coming months there will be some further 
improvements and changes to STRIKE including resolution 
of outstanding issues with titles data, modification of 
geoscientific layer groupings and representation and 
delivery of Web Mapping Services (WMS) for direct 
consumption by GIS software such as MapInfo or ArcGIS 
and other online spatial systems for selected layers.

NTGS products

Another 28 HyLogger Data Packages, six new records, 
revised edition Calvert Hills, Delamere and Limbunya 
1:250k outcrop geology maps and GIS datasets, a fully 
revised GIS dataset for the Hermannsburg 1:250k outcrop 
geology map, new GIS datasets for the Napperby and Hale 
River 1:250k outcrop geology maps, the digital version of 
the Geology and Mineral Resources of the NT and the West 
Amadeus Gravity Survey were also released in 2014. 

In early 2015, the revised edition Wave Hill 1:250k 
outcrop geology map and GIS dataset, the Northern 
McArthur Basin Gravity and Dunmarra Airborne Magnetic/
Radiometric surveys were released. New editions of the 
NT-wide gravity, magnetic, radiometric and metallogenic 
maps will be released at AGES in March. 

Figure 2. New STRIKE launched November 2014.
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CORE (Creating Opportunities for Resource Exploration) 
is a four year (2014-2018) Northern Territory Government 
initiative to maximize opportunities for the exploration and 
discovery of new mineral and petroleum resources in the 
NT. A total funding of $23.8 M has been provided to the 
Northern Territory Geological Survey (NTGS) to: 

• enhance precompetitive geoscientific data in priority 
areas 

• improve online delivery of information and data 
• provide industry grants for high-risk exploration
• undertake programs to attract international investment 

into projects in the Territory. 

A key component of the CORE initiative is a dedicated 
$2M per annum on programs that assist in understanding 
shale gas resource and potential in the priority areas. 

Regional Geoscience programs under CORE

The Regional Geoscience programs under the CORE 
initiative will undertake acquisition and interpretation of 
precompetitive geoscientific information in the McArthur 
and Central priority areas (Close 2014). The programs are 
designed around an integrated approach to improving the 
understanding of the framework geology and the resource 
prospectivity of these areas. 

McArthur Zone: greater McArthur Basin and Arnhem 
Province

The McArthur Zone includes the greater McArthur Basin 
and underlying Palaeoproterozoic basement, covering an 
area of approximately 500 000 km2. The informal term 
‘greater McArthur Basin’ is used to include the stratigraphic 
correlatives across the McArthur and Birrindudu basins 
and the Tomkinson Province of the Tennant Region. The 
objective of Regional Geoscience projects in the McArthur 
Zone are:

• to improve the understanding of the Palaeoproterozoic 
geology that underlies the greater McArthur Basin, the 
potential controls of this framework on the overlying 
basin formation and mineral fertility, and the correlation 
to Pine Creek Orogen stratigraphy and evolution

• to understand the evolution and architecture of the 
greater McArthur Basin and its potential to host 
significant regional scale petroleum and base metal 
mineral systems

A key component of the precompetitive geoscientific 
data acquisition in the McArthur Zone is upgrading 

the resolution of regional scale geophysical datasets. A 
campaign of helicopter supported ground gravity data 
capture at a resolution of 4km spacing or better commenced 
in 2014 with the Northern McArthur Basin Gravity Survey 
in the East Arnhem region. The Dunmarra Magnetic and 
Rediometric Survey undertaken in 2014 completed coverage 
over the Beetaloo Sub-basin at 400m line spacing.  During 
the life of the CORE initiative, the entire greater McArthur 
Basin will be covered by ground gravity at a minimum 
of 4 km spacing and 400 m line spacing of magnetic and 
radiometric data (Dhu 2015).

To complement and enhance the geophysical data 
capture program under CORE, NTGS is undertaking a 
dedicated project to create a rock property dataset for the 
key stratigraphy units of the greater McArthur Basin. The 
collection of rock properties has been integrated with the 
HyLogging workflow to allow standardised collection of 
bulk density, grain density, magnetic susceptibility and 
porosity. Density and magnetic susceptibility properties 
of subsurface units provide constraints on geophysical 
potential field modelling and inversion leading to improved 
understanding of basin architecture while porosity 
is an important property for evaluating hydrocarbon 
prospectivity. This program will continue to collect rock 
property data on drillcore held by the NTGS resulting in 
an expanding dataset that will progressively cover the 
Northern Territory.

The construction by NTGS of a 3D framework (Bruna 
et al 2015) for the greater McArthur Basin will allow 
for improved understanding of the regional architecture 
and depth to key stratigraphic packages. During 2014 
the focus of the construction of the 3D framework was 
the configuration of the Wilton package centered on the 
Beetaloo Sub-basin which contains the thickest section of 
the petroleum prospective Roper Group.

The rapid increase in onshore hydrocarbon exploration 
in the Northern Territory over the last three years has 
provided access to vital seismic and downhole datasets in 
areas where there has been minimal subsurface information. 
These datasets are providing key supporting evidence 
of the correlation between the outcropping McArthur 
and Birrindudu basin stratigraphy (Hoffman 2014). The 
NTGS is undertaking a dedicated program to characterise 
the stratigraphy along type sections within the Roper and 
McArthur groups within the outcropping southern McArthur 
Basin to improve the understanding of the correlatives 
with the Birrindudu Basin and Tomkinson Province of the 
Tennant Region. Higher resolution geochronology of key 
time markers such as basin-wide tuffaceous horizons will 
also improve correlation and the understanding of basin 
evolution.  

A challenge for petroleum exploration in the onshore 
basins in the Northern Territory is the limited relevant 
datasets. NTGS is undertaking a comprehensive collection 
of key organic chemistry, kinetics and rock property 

Enhanced Regional Geoscience programs under the CORE initiative
Dorothy F Close1,2

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

2 Email: dorothy.close@nt.gov.au.
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Figure 1. Location of successful applicants for Round 7 of Geophysics and Drilling Collaboration program.



21

AGES2015

data across all black shales within both the Roper 
Group sequences equivalents as well as those within the 
McArthur Group sequences and equivalents (Revie and 
Edgoose 2015). The intention is to provide a consistent and 
comparable background dataset to assist the understanding 
of the vertical and horizontal prospectivity of the shale units 
in the Wilton and Glyde packages and equivalents in the 
greater McArthur Basin. A complimentary set of whole rock 
geochemical analyses will also be undertaken to provide a 
baseline geochemical dataset to assist mineral exploration.

A 1:100 000 scale mapping campaign is being undertaken 
by NTGS in the Arnhem Province in east Arnhem Land 
(Kraus et al 2015). This project is designed to improve the 
understanding of the Palaeoproterozoic basement rocks 
that underlie the resource prospective McArthur Basin. An 
objective of this project is to investigate the relationship 
between the Arnhem Province and the polymetallic Pine 
Creek Orogen. 

Central Zone: Arunta Region and Amadeus Basin

The Central Zone includes the eastern Arunta Region and the 
Neoproterozoic to Palaeozoic Amadeus Basin. The objective 
of Regional Geoscience projects in the Central Zone are:

• to understand the evolution and architecture of the 
Neoproterozoic succession of the Amadeus Basin and 
its potential to host significant regional scale petroleum 
and base metal mineral systems

• to continue to build a consistent framework for 
the Arunta Region by investigating, analysing and 
documenting the stratigraphic, magmatic, metamorphic 
and structural evolution through ongoing geological 
mapping at 1:100 000 and 1:250 000 scale

• to characterise known copper bearing mineral deposits 
in the Aileron Province of the Arunta Region 

• to investigate the potential of the region to host large 
scale copper bearing mineral systems.

Regional scale geophysical coverage across the 
southern section of the Northern Territory at a scale of 
≤4 km spaced gravity grid and airborne magnetics and 
radiometrics at ≤400 m line spacing is now complete with 
the acquisition and release of the West Amadeus Gravity 
Survey (Dhu 2015). The additional gravity data acquired 
in the western Amadeus Basin as part of this survey has 
now been incorporated into the 3D modelling of the basin 
by CSIRO under the COBRA (Central Oz Basins Resource 
Assessment) collaboration (Schmid et al 2015).

The Neoproterozoic units of the Amadeus Basin are 
highly prospective for multiple petroleum system plays 
(Munson 2014). The correlation of these units basin-wide 
is important to understand the prospectivity of the basin as 
a whole and the evolution of basin architecture during this 
period. NTGS is undertaking a project to systematically 
characterise and correlate the Neoproterozoic stratigraphy 
of the Amadeus Basin utlising tools such as stromatolite 
species identification and detrital provenance recognition 

(Normington et al 2015). This approach is integrated with 
the Geological Survey of Western Australia (GSWA) to 
ensure consistency of stratigraphic correlation across State/
Territory borders. Upon completion of characterisation of 
the Neoproterozoic stratigraphy, NTGS will move to a phase 
of field mapping to upgrade the 1:250 000 mapsheets across 
the Amadeus Basin to reflect the revised correlations.

The Arunta Region is one of the Northern Territory’s 
most prospective terranes with a diverse range of mineral 
occurrences and deposits. The region has undergone 
a protracted evolution of sedimentation, magmatism, 
deformation and metamorphism that, whilst a key to the 
mineral fertility of the area, has contributed to the perception 
that this is a difficult terrane to explore. Unravelling the 
evolution of the Arunta Region has remained a priority for 
NTGS with the focus now switching to the eastern section. 
The 1:100 000 scale mapping exercise at Jervois range2 

and Jinka has achieved the objective of providing both an 
improved understanding of the geological framework of the 
eastern Arunta Region (Reno et al 2015) and a context for the 
timing and evolution of the mineral systems of the Jervois 
Cu-Ag-Au (Pb-Zn) deposit (McGloin and Weisheit 2015).

Geophysics and Drilling Collaborations program under 
CORE

Under the CORE initiative, the Geophysics and Drilling 
Collaborations (GDC) program will continue to provide 
co-funding of industry drilling and geophysical surveys 
in greenfields areas.  The intention of the program is to 
encourage exploration in areas of where there is a paucity 
of geoscientific information. The program will provide 
co-funding assistance up to $100 000 (GST inclusive) per 
project to successful applicants. In 2014-15, Round 7 of 
the GDC provided funding to seven projects across the 
Northern Territory (Figure 1) including co-funding of 
Metals X Limited’s base metal discovery at their Curiosity 
project (Figure 2, Metals X Limited 2014). 

Figure 2. Base metal-bearing shear zone intercepted in MXCURD002: 
semi-massive sulphide zone with pyrite, galena, chalcopyrite and 
sphalerite mineralisation (Photo courtesy of Metals X).

2 Names of 1:250 000 and 1:100 000 mapsheets are shown in 
large and small capital letters, respectively, eg HUCKITTA, 
Jervois range.
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A review of the guidelines for the funding has led 
to some minor changes including the acceptance of 
smaller programs that utilize innovative techniques and 
the consideration of deep drillholes in areas of existing 
drilling. The revised guidelines are available on the 
Geophysics and Drilling Collaborations website: www.
minerals.nt.gov.au/collaborations. Applications for Round 
8 of GDC funding (2015-16 financial year) is now open and 
will close on 13th April 2015.
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The Northern Territory Geological Survey (NTGS) has 
commenced a four year geophysical acquisition program 
under the renewed Creating Opportunities for Resource 
Exploration (CORE) initiative. New gravity, magnetic 
and radiometric surveys are being targeted over identified 
priority zones to improve ground gravity coverage to 4 km 
or better, and magnetic and radiometric coverage to 400 m 
line-spaced or better.

Pre-competitive gravity data has been collected in the 
Northern Territory since 1999 when the Tanami gravity 

Pre-competitive geophysical data under the CORE initiative
Tania Dhu1,2

survey was first undertaken. These data reflect changes in 
density and are often related to variations in subsurface 
topography (ie morphology of more dense crystalline 
basement overlain by less dense sedimentary successions) 
or changes in lithology (ie more dense mafic rocks 
intruding less dense sedimentary packages). Prior to the 
CORE initiative, approximately 43.5 % of the Territory’s 
mainland has been covered by 4 km or better spaced 
ground gravity data acquired by the Northern Territory 
Government.

Four gravity surveys have been completed since 
2013 (Figure 1): Southern Wiso Basin Gravity Survey 
(completed under the previous CORE initiative), and the 

Figure 1. Location of ground gravity surveys completed, planned or proposed under the CORE initiative. The surveys outlined in green 
are completed and the bouguer anomaly image is plotted on the map. The purple outlines are planned gravity surveys while the orange 
outlines are proposed gravity surveys. 

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

2 Email: tania.dhu@nt.gov.au.
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Southern McArthur Basin, West Amadeus and Northern 
McArthur Basin gravity surveys (completed under the 
current initiative). Approximately 62% of the Territory is 
now covered by 4 km or better spaced gravity, with the 
completed surveys covering an area of over 250 000 km2.

The West Amadeus Gravity Survey is located in the 
south western corner of the Territory, extending across both 
the Amadeus Basin and Musgrave Province (Figure 2). 
The survey covers an area of 45 050 km2, and acquired over 
8000 stations of which 4417 were acquired on 4 km spacing 

by the NTGS and the remainder on 2 km, 1 km or 500 m 
spacing through collaborative agreements with industry. 
This survey completes the ground gravity coverage of the 
Amadeus Basin at 4 km spacing or better.

The eastern extent of the greater McArthur Basin is now 
covered by the Southern McArthur and Northern McArthur 
Basin gravity surveys (Figure 3). These surveys include 
the northern Beetaloo Sub-basin and the Batten (part), 
Urapunga and Walker fault zones. The total survey area 
is 145 410 km2 with the Southern McArthur Basin survey 
covering 74 380 km2 while the Northern McArthur Basin 
survey covers 71 030 km2. A total of 13 590 stations were 
acquired, with just over 9000 of these collected on a 4 x 4 km 
grid. Collaboration with industry partners contributed a 
further 4500 stations at 2 km and 1 km spacing.

Industry partners are invited to collaborate on surveys 
to infill areas of interest to increase the density of station 
spacing. As a rule of thumb, gravity station spacing of 
1/3 the wavelength of the anomaly caused by the body of 
interest is the minimum station density required to resolve a 
body. For example, to adequately resolve a 3 km wavelength 
anomaly, stations spacing of 1 km or closer is required. 
Eight areas of industry infill have been acquired within the 
West Amadeus, Northern and Southern McArthur Basin 
Gravity Surveys (Figures 2, 3), with 6 separate companies 
participating. 

Due to the nature of ground gravity data, stations 
recorded at different spacing and at different times can be 
combined into a single contiguous dataset provided that 
the individual surveys have been tied in to the Australian 
Fundamental Gravity Network (AFGN). Future surveys 
are able to build on historical surveys, incorporating 
existing stations and infilling to improve resolution. The 
combination of government, industry, and government-
industry collaboration to acquire gravity data is building 
a Territory-wide, multi-scale dataset that will continue to 
grow in coverage, resolution and quality over time. 

A number of gravity surveys are currently being planned 
and a number of others have been proposed dependent on 
budget constraints (Figure 1). The Northern Wiso Basin 
Gravity Survey, located in western-central NT and abutting 
the Birrindudu and Southern Wiso Basin Gravity Surveys in 
the south, is currently in progress with acquisition targeted 
to commence in June, with final data available before the 
end of the year. The Victoria Basin Gravity Survey, directly 
north of the Northern Wiso Basin Gravity Survey, is 
currently open for expressions of interest from industry to 
collaborate on infill. This survey is planned to commence 
in July/August with data available either late 2015 or early 
2016. It is tentatively proposed to acquire the Daly Basin 
and North-West McArthur Basin Gravity Surveys in mid- to 
late 2016, and the South Nicholson Basin Gravity Survey in 
mid-2017. Opportunities for industry to collaborate on infill 
will be offered approximately 4–6 months prior to survey 
acquisition commencing.

Magnetic and radiometric surveys under the CORE 
initiative are targeted at improving the quality and coverage 
of data within the greater McArthur Basin. The Dunmarra 
Magnetic and Radiometric Survey (Figure 4) was acquired 

Figure 2. The interpreted location of the boundary between the 
Musgrave Province and the Amadeus Basin (from 1:2 500 000 NT 
geological regions) overlain on the West Amadeus Gravity Survey 
bouguer anomaly. 

Figure 3. The interpreted boundary of the McArthur Basin from 
(1:2 500 000 NT geological regions) overlain on the Northern and 
Southern McArthur Basin Gravity Surveys bouguer anomaly. 
Areas of industry infill are shown on both parts of the figure, they 
are gridded at higher resolution (1/5 stations spacing) and outlined 
in black (the difference in dynamic range between the bouguer 
anomalies results in the differences visible in colour stretch).
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in 2014 and released in February 2015. This survey acquired 
over 100 000 line km in a north-south orientation at 400 m 
line spacing, covering an area of approximately 70 000 km2 
in north-central Northern Territory. Prior to this survey, 
only historical 1500 m or greater line spaced radiometric 
and magnetic data was available. Planning is underway for 
the Delamere and Spirit Hills Magnetic and Radiometric 
Survey, targeted to commence in May 2015 with data 
released prior to the end of the year. The Delamere and 
Spirit Hills surveys are located in north-west NT and cover 
an area of approximately 33 000 km2 that currently has no 
radiometric data and only coarse, historical magnetic data.

Currently the NTGS proposes collecting 9 ground 
gravity and 2 magnetic and radiometric surveys over the 

life of the CORE initiative. If all of these surveys are 
completed, almost 600 000 km2 of 4 km spaced gravity 
data will be collected, covering more than 40% of the NT. 
The opportunity for collaboration with industry to infill 
these surveys will result in a number of areas being covered 
by even higher resolution gravity. The two magnetic and 
radiometric surveys, covering over 120 000 km2 will 
provide data in areas of low or no coverage, providing an 
important dataset for understanding the geology in these 
areas. The acquisition of new geophysical data and the 
opportunity to collaborate with industry will continue 
to produce and deliver high quality pre-competitive 
geophysical data to the exploration and wider community 
in the Northern Territory. 

Figure 4. Location of magnetic (a) and radiometric surveys (b) completed or planned under the CORE initiative. The surveys outlined in 
green are completed; with the reduced to pole total magnetic intensity image plotted in part a, and the ternary radiometric image plotted in 
part b, while the purple outlines are planned magnetic and radiometric surveys.
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3D models can provide a framework for understanding the 
mineral or hydrocarbon prospectivity of a target region. 
The framework accuracy of a model is closely linked to 
the amount of data available which is generally scarce 
and therefore limiting their ability to truly represent the 
subsurface. The Northern Territory Geological Survey 
(NTGS) is currently building a 3D framework of the 
greater McArthur Basin (Bruna et al 2014), with efforts in 
2014 concentrated on investigating the architecture of the 
Mesoproterozoic Wilton package. This package is currently 
targeted by oil and gas explorers due to its potential for 
hosting unconventional hydrocarbons. It also has the best 
constraints available within the greater McArthur Basin due 
to the data density, with a combination of geological and 
geophysical data available. 

This work addresses the following questions: 
i) What are the depth profiles of key horizons across the 

greater McArthur Basin? 
ii) What deformation processes are affecting the Wilton 

package? 

iii) What is the role of small-scale fracturing and faulting 
in fluid flow movement in the economic units within the 
Wilton package?   

At the regional scale this work provides depth profiles of 
key units in the Wilton package.  The 3D model and field work 
presents an interpretation of possible deformation style that 
affects the sedimentary formations of the studied package. 
At the outcrop scale, an extensive collection of fracture 
and fault measurements is improving the understanding 
of deformation that has affected Wilton package. The 
characterisation of natural fractures and the visualisation 
of their structural relationships in unconventional reservoir 
are closely related to the amount of hydrocarbon resources 
stored in a reservoir (Zeng et al 2013). Applications of 
fracture distribution analysis include fluid flow assessment, 
prediction of hydro fracture propagation and estimation of 
fraccability of the massif (Gale et al 2010; Soliman et al 
2012).   

Geological settings

The greater McArthur Basin (Figure 1) is a Paleo- to 
Mesoproterozoic Basin located in the northern half of 

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

2 Email: pierre-olivier.bruna@nt.gov.au.

3D architecture of the Wilton package throughout the greater McArthur Basin: structural implications for 
petroleum systems at various investigation scales 
Pierre-Olivier Bruna1,2, Tania Dhu1, Nicholas Owen1, Daniel Revie1, Tim J Munson1 and Dorothy F Close1

Figure 1. 3D model input data for the 
Wilton Package in the greater McArthur 
basin.
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the Northern Territory. This huge basin covers an area of 
approximately 800 × 600 km and is composed of a series 
of stacked basins with cumulated thickness varying from 
8 to more than 15 km of mainly sedimentary rocks with 
subordinate volcanic rocks. Five packages were defined in 
this basin separated by regional unconformities (Ahmad et al 
2013). Two of them, the Wilton and the Glyde packages, are 
likely to represent the greatest potential to host hydrocarbon 
resources (Munson 2014). 

The Wilton package and its economic units

The Wilton package (Mesoproterozoic) is the shallowest 
unit of the five defined packages in the greater McArthur 
Basin. It is composed of mainly flat laying sandstone, 
siltstone and shales separated by minor unconformities. 
The majority of the Wilton package is located in the centre 
of the greater McArthur Basin. The McArthur Basin 
sensu-stricto shelf has variability in sediment thickness; 
this variability increases in the Beetaloo Sub-basin, the 
depocenter of the Wilton package in the greater McArthur 
Basin. Two main horizons are targeted in this package 
for unconventional resource exploration, the Velkerri and 
the Kyalla formations, due to a combination of suitable 
lithologies, favourable total organic carbon content and 
sufficient thicknesses to potentially host hydrocarbon 
resources.

Structure of the Wilton package

Betts et al 2014 interpret the Wilton package as having 
experienced two main events of deformation: a syn-Wilton 
NNW-ESE extensive event and a post-Wilton N-S 
compressive event. The syn-Wilton NNW-ESE extensive 
event induced the reactivation of inherited northwest-
trending strike-slip faults and of N-S trending normal faults 
acting as syn-sedimentary faults. This event includes also 
normal N-S to NW-SE faulting affecting the Wilton package 
only. The post-Wilton N-S compressive event created E-W 
oriented and generally north verging folds and reactivated 
inherited NW-SE strike-slip faults.

A normalised and accurate dataset

SKUA software was used to generate a 3D model of the 
Wilton package across the greater McArthur Basin. A 
revised stratigraphic partitioning of the Wilton package 
based on sequence boundaries or major unconformities was 
used to regroup the sedimentary formations that constitute 
the Wilton package (Abbott and Sweet 2000). This grouping 
was undertaken to ensure that modelled implicit horizons 
are thick enough to be resolved.

A combination of field data from geological maps, 
existing geological cross sections and new data collected 
during the 2014 field campaign was used for input data 
(Figure 1). Seismic data and interpretation from industry 
were also integrated into the model. A historic seismic 
survey acquired in the Roper River area was reprocessed 
externally, interpreted by the NTGS, and integrated as an 
input into the model. A synthesis and normalization of the 
well stratigraphic data was compiled and classified according 
to the revised internal grouping within the Wilton package. 
Faults were initially generated in the GeolToolBox gOcad 
Research plug-in (Le Carlier de Veslud et al 2009). This 
plug-in allows integration of hard data (eg measurement of 
fault planes) and a-priori data. The a-priori data are mainly 
extracted from seismic surveys and from the gravity and 
magnetic interpretation conducted by Betts et al (2014).   

Results 

Regional exploration 3D model

The 3D regional model of the Wilton package contains seven 
key surfaces that match outcrop data in McArthur Basin 
geophysical data (seismic and potential field interpretations) 
and well data. The depositional and structural context of the 
Wilton package was considered when defining the resolution 
of the 3D model. The formations are dominantly flat lying, 
allowing a coarse areal resolution of 1 to 2 km while 
important thickness variation requires a very fine vertical 
resolution of about 250 m. A thickness map was produced for 
each surface showing the variability of the basin architecture 

Figure 2. 3D architecture of the base Wilton package. (a) location of the modelled area, (b) Surface of the base Wilton 
package in the greater McArthur Basin area. The surface is not cleaned from artefacts due to limits effects and possible 
erosion. The vertical exaggeration is x5. (c) Surface of the base Wilton package centred on petroleum wells zone (McArthur 
Basin and Beetaloo Sub-basin).



28

AGES2015

within the greater McArthur basin (Figure 2). This product 
can be used to locate areas where key units are thick enough 
to host potentially economic resources. 

The Velkerri and Kyalla formations were unable to be 
resolved in the original 3D structural model due to their 
limited thickness. A fine grid was realised in the intervals 
containing these formations using a stratigraphic method to 
resolve these units. A process of generating a geostatistical 
facies model based on well data has been initiated to 
produce series of equiprobable models of the distribution of 
these key intervals.  

A step towards characterisation of sub seismic deformation  

In 2014 fieldwork was undertaken to measure faults and 
fractures in the Urapunga-Roper area. More than 500 Mode 
I and Mode II fractures were measured across 20 stations 
(Figure 3). Statistical assessment of the population of fractures 
was estimated using the scan line method (Lavenu et al 
2014). Some of the stations are located in “structurally quiet 
areas” where no faulting perturbs the fracture information. 
Generally the main directions of fracturing are 010°, 070° 

and 130°. Alternative directions were also observed locally 
in the outcrops but are not present regionally. In these low 
strain areas, fractures are always developed prior to tilting 
phases. In a first approximation, north of the Urapunga Fault 
Zone seems to record the post-Wilton inversion phase while 
the Urapunga Fault zone itself is more closely associated 
with the syn-Wilton deformation field. The scan-lines show 
that the facies do not significantly control the fracture 
orientation but should have an effect on fracture density. 
There is no large variation in rock properties throughout 
time therefore mechanic stratification should be rare leading 
to compartmentalised fluid flow behaviour. In close-to-fault 
fracture measurement stations, it seems that the density of 
fractures does not clearly reflect the presence of faults. The 
damaged zone associated with faults can be considered as an 
approximate of the fault trace.

A collection of faults was also measured across 11 
stations. The paleo-stress calculation is in process and 
seems to reflect the two main deformation events that affect 
the Wilton package. Nevertheless, it is probable that the 
fault signal was also perturbed by a younger deformation 
phase producing stress oriented 040°-050°. 

Figure 3. Location map and stereonets of the studied fracture and fault stations in the Urapunga-Roper area. 
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Figure 4. Structural investigation conducted in the Roper Valley area. (a) Location of the balanced cross-sections and of the recently 
reprocessed Roper Valley 1988 seismic survey. (b) 3D visualisation of A-B and C-D balanced cross section and of the Broughton and 
Roper Bar seismic surveys. (c) Comparison of two solutions of the A-B balanced cross-section with a seismic line issued from the Roper 
valley seismic survey. This comparison shows an example of improvement of the understanding of the deformations in the area of interest. 
(d) Integration of interpreted fault data into the 3D environment.
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Large scale structure

More than 100 major faults were considered in the 3D 
regional model. The choice of faults is based on field 
observations and the geophysical interpretation conducted 
by Betts et al 2014. This work gives a possible picture 
of the under-cover fault system affecting the Beetaloo 
Sub-basin. Work from Cherpeau et al (2010) emphasises the 
advantages of stochastically generated faults in under-cover 
areas especially when data are scarce because multiple 
possible scenarios are produced. Due to the paucity of data 
in the greater McArthur Basin, this style of modelling could 
improve our understanding of the fault distribution, and 
would be of great use in the Beetaloo Sub-basin.    

Two balanced cross-sections (Suppe 1985) were 
constructed in the McArthur Basin as part of this work. 
These sections, located in the Roper River area, were 
generated from field observations (bedding and faults 
measurements) and were further constrained by the 
recently reprocessed Roper Valley 1988 seismic survey. 
The cross-sections were length-measured and determined 
to be balanced and therefore offer a possible kinematic and 
structural representation of the deformation in the area of 
interest. The last compression phase affecting the Wilton 
package produced only rare large scale deformation, 
reactivating large inherited low angle faults and creating 
small isolated reverse faults mainly branched at the base 
of the Wilton package (Figure 4). The interpretation that 
the area has undergone limited deformation is supported 
by the calculated shortening ratios which are very low 
in all of the balanced cross-sections scenarios. Given 
the deformation style that affects the Wilton package, 
the presence of large scale positive flower structures is 
likely. The constructed cross-sections provide good input 
data for the 3D model providing a possible visualisation 
of the continuity of sedimentary units in an area of poor 
constraint. 
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The greater McArthur Basin has generated significant 
interest for unconventional resources in the last 5 years.  In 
2011, Santos contracted FROGTECH to compile the available 
geological data and to provide an updated interpretation on 
the 3D geometry and depth of the basement (SEEBASE™) 
beneath the greater McArthur Basin, as well as to provide 
a first pass assessment of the Paleo- to Mesoproterozoic 
unconventional hydrocarbon resources of the basin.

Recent exploration activity has included new seismic 
acquisition and drilling by Santos and several other companies.  
At the time of the study, petroleum data in the greater 
McArthur Basin region was limited to a subset of Pacific Oil 
& Gas petroleum wells, stratigraphic wells and a regional 2D 
seismic grid.  This data was compiled, QC’d, reformatted and 
interpreted from the Walker Fault Zone in the north to the 
Beetaloo Sub-basin in the south and to Lawn Hill Platform in 
the southeast.  The seismic and well data were integrated with 
surface geology and potential field data in order to extend the 
interpretation beyond the area covered by limited seismic and 
well data, and to provide a regional understanding of the basin. 

The potential field data is key to interpretation of the 
nature of the basement beneath the cover. The greater 
McArthur Basin overlies the poorly exposed North Australia 
Craton (NAC) which is depicted as a large irregular 
block on reconstructions and terrane maps. Cratons are 
generally equant blocks of thick crust and have well defined 
boundaries such as the Pilbara and Kimberly cratons, and 
resist reactivation. In contrast, the NAC is a large irregular 
block with poorly defined boundaries and many parts have 
undergone several phases of reactivation. 

The potential field data has been used to assess and 
subdivide the NAC in the greater McArthur region.  This 
interpretation shows the presence of some “relatively 
competent blocks” which have experienced minimal 
reactivation, in contrast to distinct linear belts which have 
been repeatedly reactivated based on surface geology, gravity 
and magnetic data. For example, the Daly Waters Arch has 
been reactivated during several events and has disrupted the 
Roper Group stratigraphy of the Beetaloo Sub-basin, which 
is relatively flat lying or gently dipping east and west of the 
arch where more competent basement blocks underlie the 
basin. The Murphy Inlier provides another example of a 
competent block which has experienced little reactivation 
due to the abundance of Paleoproterozoic intrusions (based 
on outcrop and gravity data). This subdivision of the NAC 
into basement terranes provides a first pass assessment 
of basement rheology. The terrane interpretation has also 
been taken to a more detailed level to include basement 
composition, which can then be used to better understand 
the rheology and heat flow potential of the basement.

The integrated interpretation of the potential field data 
with the seismic, wells and surface geology has also been 
used to produce a 3D model of the geometry and depth of 
the basement surface (ie SEEBASE™).  The SEEBASE™ 
surface in this region has been defined as ‘economic 
basement’ rather than crystalline basement and is therefore 
generally around the base of the McArthur–Isa groups. In 
most areas this surface also corresponds to the ‘magnetic 
basement’ which is represented by the abundant volcanic 
units within the Tawallah Group (and Calvert succession). 

The interpreted SEEBASE™ depth to basement surface 
shows the development of broad basins of 5–10 km depth 
but also includes localised fault controlled depocentres 
with thickness changes of several kilometres across fault 
zones (Figure 1). The basement surface matches well to 
the original 2006 Proterozoic OZ SEEBASE™ but provides 
more detail and highlights additional depocentres.

The potential field data provides two key datasets in the 
McArthur Basin but the interpretation is not straightforward 
and the use of all available data is critical. The stratigraphy 
within these old basins is commonly of similar density to 
the underlying basement therefore the gravity data does 
not always highlight the location and extent of depocentres. 
Magnetic data and magnetic depth modelling provide a key 
dataset in the interpretation of the depth and geometry of 
the basement surface. However, there are several issues that 
complicate the interpretation in this region: 1) high magnetic 
susceptibility Cambrian basalts overlie a large area of the 
basin extending east below the Cretaceous-Tertiary cover, 
2) high susceptibility Derim Derim dolerite sills and dykes 
occur throughout much of the Roper Group, 3) the presence 
of broad deep magnetic anomalies are likely to represent 
early alteration of crystalline basement, and 4) remanent 
magnetisation is evident in many areas. 

Combined interpretation of the gravity and seismic data 
has been more critical in the Beetaloo Sub-basin where 
the Cambrian basalts are widespread. Although the Derim 
Derim sills and dykes obscure the magnetic response of 
the basement, the presence of these intrusions at specific 
stratigraphic levels in some areas allows use of the magnetic 
data to provide a first pass assessment of the Roper Group 
stratigraphy in areas of poor outcrop.

In the main Beetaloo Sub-basin east of the Daly Waters 
Arch, the seismic and well data provide key constraints 
on the thickness, extent and geometry of the stratigraphy 
of the Roper Group and the unconventional targets of the 
Kyalla and Velkerri formations. The gravity and magnetic 
data supplements the seismic and well datasets.  East of the 
Daly Waters Arch, the gravity data shows a broad negative 
anomaly which corresponds with the thickest part of the 
main Beetaloo Sub-basin, however there are variations 
and the relationship between gravity response and basin 
thickness is not straightforward. In areas where seismic 
data is sufficient, correlation of isopach and stratigraphic 
depth surfaces highlights the response of the gravity data 

1 FROGTECH, 2 King St, Deakin West, Canberra ACT 2600, 
Australia. 

2 Email: kconnors@frogtech.com.au
3 Currently with Beach Energy Limited, 25 Conyngham Street, 

Glenside, SA 5065. 

Understanding unconventional petroleum resources of the greater McArthur Basin from potential 
field, well and seismic data 
Karen Connors1,2 and Andrew Krassay1,3
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to the variations in the stratigraphy (especially in areas 
where the NTGS has recently collected 2–4 km gravity 
stations). These detailed correlations have been used to 
“calibrate” interpretation of the gravity data, to extrapolate 
the stratigraphy beyond the seismic grid and to assess the 
depth and maturity of the key horizons within the Beetaloo 
Sub-basin. In addition, the SEEBASE™ 3D basement 
surface provides a guide for assessing the extent of the 
unconventional targets and their approximate depth around 
the margins of the basin. 

Extent of the McArthur–Isa group equivalents is well 
documented in some areas but is poorly constrained beneath 
the Roper Group. Outcrop geology highlights some key 
variations across the greater McArthur Basin.  In the Lawn 
Hill Platform, the Isa Group equivalents onlap the Murphy 
ridge and the seismic data (Bradshaw and Scott 1999) 
shows that the sequence thickens southward to ~10 km.  The 

potential field data has been used to further map the extent 
of this fault controlled depocentre.  In the Batten ‘Trough’ 
region the outcrop geology highlights faulting and folding, 
and variations in thickness have been interpreted (e.g. Duffett 
et al 2005).  Interestingly, the GA deep crustal seismic 
lines favour regional continuity of stratigraphy and relative 
consistency in thickness (eg Rawlings et al 2004).  South of 
the seismic line, the entire McArthur Group was deposited 
and the preserved thickness ranges from ~1 to 3.5 km within 
the Hot Spring - Emu sub-basin (Duffett et al 2005). East 
of the Emu Fault zone, the Karns Dolomite lies directly on 
Tawallah Group and much of the McArthur Group is absent.  
The NNW trending Emu Fault may not represent the eastern 
boundary of the Batten Trough as previously thought, 
although it is a major strike slip fault zone that is located close 
to the eastern limit of the Batten Trough. The magnetic data 
highlights ~E–W faults within the Trough that are likely to 

Figure 1. Updated SEEBASE™ depth to basement model for the greater McArthur Basin overlain with terrane boundaries. 
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have been active during Barney Creek deposition. The ~E–W 
and ~NNW faults were both active during deposition of the 
McArthur–Isa group, but post deposition reactivation has 
also affected the present distribution of units and preserved 
thickness. The western limit of the Batten Trough is obscured 
by the thick Roper Group section. 

Significant variations in stratigraphic thickness are 
evident based on the current data, but additional seismic 
data is required to better assess the extent and magnitude 
of thickness variations within the McArthur Group and the 
main faults that control these variations.

Detailed and integrated interpretation of all the 
geological datasets has provided key information on the 
greater McArthur Basin and the unconventional resources it 
hosts. Interpretation of the basement (terranes, composition 
and fabric) has highlighted variations in rheology of the 
basement and controls on the formation of many depocentres 
from the broad basins to fault controlled depocentres.  The 
SEEBASE™ 3D depth-to-basement surface provides a 
‘container’ within which to assess the overlying basin. The 
interpreted horizons and maturity maps were extrapolated 
beyond the seismic grid using potential field data in order to 
provide a first pass assessment over a wider area, and were 
used by Santos to assess the unconventional prospectivity 
of the basin. The gravity and magnetic datasets have been 
used to provide a significantly better understanding of the 

greater McArthur Basin region and the prospectivity of the 
unconventional petroleum resources than the seismic and 
well data provide on their own.
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Mesoproterozoic biostratigraphic correlation in the Beetaloo Sub-basin, Northern Territory, Australia 
and potential for correlation with other northern Australian basins 
Kathleen Grey1,2

The Palaeo- to Mesoproterozoic McArthur Basin and its 
subsurface equivalents in the Beetaloo Sub-basin host 
significant mineralisation and the oldest hydrocarbon 
source rocks in Australia (Figure 1). Correlation between 
these basins and other Mesoproterozoic basins in northern 
Australia (such as the Birrindudu and Osmond basins) is 
still tentative, particularly as many successions that have 
exploration potential are largely subsurface. Microfossils 
and palynomorphs (acid insoluble microfossils) were first 
noted in a preliminary report by Peat et al (1978) on the 
Sherwin River iron deposits hosted in the then ‘McMinn’ 
Formation of the upper Roper Group of the McArthur 
Basin. Javaux et al (2001) analysed the microbiota of the 
Corcoran, Jalboi and Mainoru formations (lower Roper 
Group), but published only selected results. They concluded 
that distributions were largely facies controlled and that the 
fossils probably had little biostratigraphic potential.

Conversely, a recent study of core and cuttings samples 
from the upper Roper Group (Maiwok Subgroup) from 
the Chambers River, Kyalla and Velkerri formations 
(Figure 2), indicates that these units contain abundant, well 
preserved assemblages containing numerous new taxa that 
show considerable promise for biostratigraphic correlation 
(Gorter and Grey 2012; Grey 2013a–g). In particular, the 

Chambers River Formation is characterized by abundant 
clusters of small, tightly packed clusters of spheres. 
Leiospheres, filaments and clusters of larger spheres are 
more common in the Kyalla Formation, whereas the Velkerri 
Formation contains a different suite of species. Preservation 
is variable and dependent on proximity to intervals of 
hydrocarbon generation. Bizarre forms of uncertain affinity 
have also been observed. There seem to be significant 
differences between these upper assemblages and the lower 
assemblages recorded previously, most notably that the 
distinctive species Tappania plana is restricted to the lower 
Roper Group.

Although the general aspect of the assemblages indicates 
a Mesoproterozoic age, most of the newly discovered 
specimens could not be readily be assigned to existing species 
or precisely dated. A more extensive study is needed to define 
the taxa present and document their stratigraphic distribution. 
More detailed analyses should provide a biostratigraphic 
scheme that would have considerable potential for correlation 
of hydrocarbon exploration drillholes in the Beetaloo 
Sub-basin and allow correlation with outcropping part 
of the McArthur Basin, as well as enhance correlation 
with other underexplored Mesoproterozoic basins across 
northern Australia. Palynological studies would also assist in 
determining both sedimentary and organic facies and shed 
further light on the thermal maturity of Mesoproterozoic 
strata within the basins.
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Potential role of palynology

Palynology is the study of acid-insoluble microfossils and for 
at least half a century has provided Phanerozoic hydrocarbon 
and mineral exploration geologists with a valuable and 
precise correlation tool (Traverse 2007). It is only in more 
recent years that more determined attempts have been made 

to apply these methods to Proterozoic successions, with 
mixed success. In part this is because of the difficulties 
of working with microbiotas that are generally relatively 
poorly preserved and less diverse than Phanerozoic ones. In 
addition, there has been little consistency in approach and 
few attempts to apply standard biostratigraphic techniques, 
such as the preparation of range charts.
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Studies of the Australian Neoproterozoic have 
shown that, with some modification of preparation 
techniques (Grey 1999) and the application of standard 
biostratigraphic methods, practical subdivision and 
correlation of Proterozoic successions is possible (Grey 
2005, Willman et al 2006, Willman and Moczydlowska 
2008, 2011). Although, microfossils have been known 
from Mesoproterozoic successions in the McArthur Basin 
and other northern Australian basins for many years, it is 
only recently that their potential for correlation has been 
investigated. Preliminary palynological studies of the 
upper Roper Group of the Beetaloo Sub-basin indicate that 
there is capacity for developing a useable biostratigraphy 
(Gorter and Grey 2012, Grey 2013a–g) with potential for 
correlation between the Beetaloo Sub-basin, outcropping 
McArthur Basin and other northern tectonic units such as 
the Birrindudu Basin, Osmond Basin, Tomkinson Province 
and Lawn Hill Platform (Close 2014, Ailleres et al 2014, 
Hoffman 2014, Betts et al 2014, Bruna et al 2014).

Previous micropaleontological and palynological studies

The discovery of microfossils in chert in what is now the 
Johnnys Creek Member of the Bitter Springs Formation of 

the Amadeus Basin (Barghoorn and Schopf 1965) prompted a 
successful search for even older microbiotas (Craig et al 2013), 
but knowledge of Mesoproterozoic assemblages remains 
patchy globally and many species are poorly described and 
as yet unnamed. Although microbiotas were described from 
the McArthur Basin in the 1970s, to date there have been only 
limited attempts to apply standard biostratigraphic methods 
and systematically document them. 

The earliest report of McArthur Basin microfossils was 
an unpublished palynological report by Norvick (1970 in Peat 
et al 1978) from what is now the Sherwin Formation, Maiwok 
Subgroup, Roper Group. Subsequently this prompted 
palynological and petrological-thin-section studies of the 
(now obsolete) ‘McMinn Formation’ by Peat et al (1978), 
which revealed a diverse assemblage of spheres, filaments 
and colonial aggregates. The authors initially processed 14 
samples and considered the results to be ‘so exciting that the 
core was extensively resampled by Muir and Peat in 1975’ 
and 367 samples were examined)’. These were described by 
in a PhD thesis submitted at Imperial College, London (Peat 
1979). Meanwhile, microfossils were described from various 
stratigraphic units in the older McArthur Group (Croxford 
et al 1973, Muir 1974, 1976, 1983; Hamilton and Muir 1974, 
Oehler et al 1976, Oehler and Logan 1977, Oehler J 1977, 
Oehler D 1978) and the Paleoproterozoic Wollogorang 
Formation (Muir 1982). These assemblages are dominated 
by long-ranging taxa with conservative morphologies 
and are typical of Mesoproterozoic microbiotas recorded 
globally. They consist mainly of prokaryotic organisms, 
probably mostly coccoid filamentous and cyanobacteria, but 
with some larger more complex possible eukaryotes (Javaux 
2011, Craig et al 2013).

The Roper Group assemblage described by Peat et al 
(1978) differed from these older assemblages because it 
contained more complex forms, a high percentage of colonial 
species and greater diversity. It had some elements in 
common with a less well preserved microfossil assemblage 
briefly described from chert in the ca 1500 Ma Bungle 
Bungle Dolomite, Osmond Basin, Western Australia (Diver 
1974).  Despite promising beginnings, no further studies of 
the Roper Group microbiota were undertaken until Javaux 
et al (2001) examined older units, the Corcoran Formation 
(basal Maiwok Subgroup) and the Jalboi and Mainoru 
formations (Collara Subgroup) (Figure 2). In addition to the 
usual filamentous and sheath-like microfossils and simple 
leiospheres, common in most middle and late Proterozoic 
assemblages, these authors recorded more complex taxa, 
including:

• Satka favosa, a spheroidal acritarch with a wall of 
interlocking rectangular panels

• Satka squamifera, which has rounded wall texture 
produced by a belt-like arrangement of included cell 
packages

• Stictosphaeridium sp
• Tappania plana, a large (up to 160 µm in diameter) 

irregular spheroid with bulbous protrusions and hollow, 
cylindrical processes of variable length and expanded 
and sometimes branching tips
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• Valeria lophostriata, a large spherical acritarch with 
distinctive striations. 

Javaux et al (2001) examined 126 samples from five 
drillcores (Urapunga 4, 5, 6, Amoco 82–3 and Golden 
Grove 1) but did not publish details of sample depths 
or distributions in the drillholes. They inferred that 
distributions were largely facies controlled and that 
‘biostratigraphic confidence will necessarily be tied to 
careful palaeoenvironmental characterization’. Although 
broadly correct, their conclusions, based on species counts, 
are debatable because the preparation techniques used were 
designed to extract maximum numbers of palynomorphs, 
which can introduce bias thus making them unsuitable for 
quantitative analysis (Grey 1999).

These previous Roper Group studies were preliminary 
in nature and did not lead to the erection of a biostratigraphy, 
even though they demonstrated the presence of well 
preserved, diverse microbiotas in several stratigraphic 
units. Nevertheless, the data provided, together with 
new evidence reported here, suggest that Roper Group 
microbiotas show considerable biostratigraphic potential. 
Globally, Mesoproterozoic assemblages are poorly 
described and often lack adequate geochronological 
constraints. Even so, some Roper Group species have 
global distributions, which will enable correlation with 
stratigraphic units both in other northern Australian basins 
and on other continents.

Geological Setting of the Roper Group

The Paleo- to Mesoproterozoic McArthur Basin and its 
subsurface equivalents in the Beetaloo Sub-basin, contain a 
largely unmetamorphosed, structurally simple, sedimentary 
succession that hosts significant mineralization and the 
oldest-known live petroleum (Silverman et al 2007, Craig 
et al 2013, Close 2014). The succession consists of the 
McArthur and Nathan groups (evaporitic and stromatolitic 
carbonate and interbedded shale) unconformably overlain 
by the Roper Group (quartz arenite and interbedded shale), 
unconformably overlain by a ?latest Ediacaran to Cambrian 
succession that includes the Antrim Plateau Volcanics 
(Ahmad et al 2013). Roper Group distribution was largely 
established through surface mapping in the McArthur Basin 
and defined by seismic data in the Beetaloo Sub-basin. 
Successions were subdivided into non-genetic depositional 
packages bounded by disconformities or unconformities to 
assist correlation between tectonic units (Rawlings 1999, 
Close 2014). The current study focuses on the Roper Group, 
part of the Wilton package, with a maximum thickness 
of ca 3000 m and an age of ca 1324–1500 Ma (Figure 2). 
Intrusive sills and dykes, the Derim Derim Dolerite, have 
a U-Pb SHRIMP date on baddeleyite of 1324 ± 4 Ma 
(Abbott et al 2001) and were deformed with the Roper 
Group, providing a minimum depositional age. Roper 
Group stratigraphy was described in detail in Ahmad et al 
(2013). Current palynological studies concentrated on the 
Chambers River, Kyalla and Velkerri formations (upper 
Roper Group, Maiwok Subgroup).  

The lower Roper Group, the Collara Subgroup (Figure 2), 
is a sandstone, siltstone, mudstone and limestone succession 
deposited in environments ranging from coastal-tidal 
platform and storm-dominated shelf to fluvial and shallow-
marine. Javaux et al (2001) described Jalboi and Mainoru 
Formation microfossils from the Collara Subgroup.

The Maiwok Subgroup (Figure 2) disconformably to 
conformably overlies the Collara Subgroup. At the base 
of the Maiwok Subgroup, the Corcoran Formation is a 
laminated green-grey to black mudstone and siltstone 
with minor interbedded quartz sandstone, 180–225 m 
thick, deposited in an environment ranging from distal 
shelf, through storm-dominated shelf to shallow-marine 
to fluvial. This unit was not sampled for the present 
palynological study but was examined by Javaux et al 
(2001). It is disconformably overlain by the Bessie Creek 
Sandstone (not sampled), a quartz sandstone unit, 20–56 m 
thick, deposited on a coastal tidal platform. The Bessie 
Creek Sandstone is conformably overlain by the Velkerri 
Formation, a grey and black mudstone and siltstone 
succession with minor fine glauconitic sandstone. The 
Velkerri Formation is 330 m thick and was deposited on 
a distal shelf. It is disconformably overlain by the Moroak 
Sandstone (not sampled), which is variable in thickness 
(2.5–420 m) and is a thinly to medium bedded, medium 
to fine quartz sandstone with coarser intervals, deposited 
on a coastal tidal platform. The Moroak Sandstone grades 
into the Sherwin Formation and its lateral equivalent, the 
Kyalla Formation. The Sherwin Formation, an interbedded 
sandstone siltstone and mudstone succession with local 
pisolitic ironstone lenses, is up to 100 m thick and was 
deposited in a fluvial to marginal-marine environment. 
Peat et al (1978) studied its palynology. The Kyalla 
Formation, consisting of interbedded siltstone, sandstone 
and mudstone, is ca 250 m thick and was probably deposited 
on a storm-dominated shelf. Both units have a sharp, 
?erosional or disconformable contact with the overlying 
Bukalorkmi Sandstone and its probable lateral equivalent, 
the Jamison Sandstone (neither sampled), a thin to medium-
bedded quartz sandstone, deposited on a coastal-tidal 
platform. The Hayfield Mudstone and Chambers River 
Formation, the youngest units in the Maiwok Subgroup, 
conformably overlie the sandstone and consist of thinly 
to medium bedded, laminated, micaceous siltstone and 
mudstone, <300 m thick, deposited on a storm-dominated 
shelf. The relationship between the Hayfield Mudstone 
and Chambers River Formation remains unclear and the 
stratigraphic nomenclature is ambiguous.

Material and methods

Samples from seven Beetaloo Sub-basin drillholes held 
in the NTGS core library in Darwin, Northern Territory 
(Altree 2, McManus 1, Balmain 1, Shenandoah 1–1A, 
Mason 1, Jamison 1 and Elliott 1; Figure 1) were sampled for 
palynology by John Gorter of Eni Spa (Società per azioni) in 
2010, and examined palynologically by the author as part of 
a reassessment of the hydrocarbon prospectivity of the basin 
(Gorter and Grey 2012, Grey 2013a–g). Fifty-two samples 
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were processed by Core Laboratories Australia Pty. Ltd, 
Perth with the following provenance breakdown:

• 1 from the middle Cambrian 
• 11 from the Chambers River Formation 
• 21 from the Kyalla Formation 
• 8 from the upper Velkerri Formation 
• 6 from the middle Velkerri Formation 
• 5 from the lower Velkerri Formation. 

Drillhole locations, sample depths and other details are 
given in Table 1 and in Gorter and Grey (2012) and Grey 
(2013a–g).

Grey (1999) showed that standard palynological methods 
rarely produced good results for Proterozoic material with 
recovery rates considerably poorer than in Phanerozoic 
ones. Yields can vary in successions of any age depending on 
factors such as depth of burial (thermal maturity), distance 
from shore, position in sea-level cycles, or other causes 
including preparation techniques. Medium-grey mudstone 
to siltstone usually provides the highest yields. Sampling 
every few meters at regular intervals (as lithology permits) 
overcomes some of the problems, allowing identification 
of intervals with overall good preservation and those with 
poorer preservation. Reduction of processing stages and 
elimination of vigorous techniques like centrifuging (which 
tends to fragment large specimens) can increase yields in 
Proterozoic samples (Grey 1999). 

The modified preparation techniques applied to Roper 
Group samples involved dissolution in hydrochloric acid 
(HCl) to remove carbonates and in hydrofluoric acid (HF) 
to remove silicates. Samples were then treated with boiling 
(HCl) to remove fluorides that might have formed during HF 
dissolution, and with fuming nitric acid (HNO3) to oxidize 
any particularly dark organic matter. They were then 
subjected to a variety of filtration and swirling techniques 
to remove fine debris and heavy minerals, and the resulting 
residue mounted on microscope slides using epoxy resin. 

Unfortunately preparation problems with Beetaloo 
Sub-basin samples prevented thorough examination of some 
slides and samples were too small to allow re-preparation. 

Insufficient treatment with boiling HCl produced high 
proportions of fluorides. Most material was too densely 
mounted and inadequate filtration left fine debris (even in 
coarse fractions), causing flocculation and the formation of 
‘Vanavarataenia’ (particle-aggregation artifacts sometimes 
incorrectly identified as palynomorphs).

The thermal alteration index (TAI) is a colour guide for 
determining maturity in organic material. It is based on 
established Phanerozoic measurements of organic maturity 
(Batten 1996; Traverse 2007). TAI is determined from 
preoxidation macerate slides and uses a colour index devised 
for spores and pollen, rather than acritarchs. Consequently, it 
is a rough guide only, partly because acritarch biopolymers 
have different chemical compositions to sporopollenin, and 
partly because, so far, Precambrian organic material lacks 
adequate calibration with Phanerozoic material or with 
burial history. 

Palynomorphs have a natural colour when first buried. 
In thin-walled material, this tends to be pale to straw yellow. 
Some vesicles are naturally darker to start with, so ideally, 
colour changes are tracked in one particular species through 
a range of samples to determine downhole variation. In 
many Proterozoic samples, only the colour of amorphous 
organic matter or simple leiospheres can be assessed, so the 
method is less reliable. Kerogen darkens with deeper burial 
and increasing temperature, eventually becoming black 
and opaque, usually ca 150–200°C depending on combined 
temperature and pressure. The darkest colour indicates the 
maximum temperature reached, and hence the maximum 
burial depth. Burial depth determines whether organic 
matter reached high enough temperatures to generate 
hydrocarbons or got too ‘cooked’ by deep burial. Kerogen 
colour in Proterozoic rocks has more to do with depth of 
burial, tectonic stress, or heating by thermal fluids than 
to age or redox values, as suggested by Schiffbauer et al 
(2012), and follows pathways similar to those in Phanerozoic 
successions (Batten 1996; Traverse 2007). 

Although Proterozoic TAI results may be slightly 
inconsistent with Rock-Eval pyrolysis and vitrinite 
reflectance studies (Warren et al 1998), it provides a quick 
method for the evaluation of thermal maturity. However 

Drillhole TD (m) Co-ordinates No of samples
Total C CRF KF uVF mVFK lVF

Altree 2 1699.85 15°55’25.13”S
133°47’11.73”E 9 0 0 0 2 5 5

Balmain 1 1050 16°36’39.13”S
133°34’43.10”E 1 0 1 0 0 0 0

Elliott 1 1729.1 17°23’20.00”S
133°45’35.01”E 4 0 0 4 0 0 0

Jamison 1 1766.8 16°46’29.49”S
133°46’1.90”E 16 0 4 12 0 0 0

Mason 1 1103 16°43’23.06”S
133°44’20.56”E 1 0 1 0 0 0 0

McManus 1 1617.2 15°55’8.82”S
133°37’50.36”E 17 1 5 3 6 1 1

Shenandoah 1/1A 2714 36’39.13”S
133° 34’ 43”E 4 0 0 2 0 0 2

Total 52 1 11 21 8 6 5

Table 1. Drillhole details and numbers of samples from each formation. C =Cambrian, CRF=Chambers River Formation, KF=Kyalla 
Formation, uVF=upper Velkerri Formation, mVF=middle Velkerri Formation, lVF=lower Velkerri Formation.
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Rock-Eval pyrolysis and vitrinite reflectance studies are 
required for more reliable results. 

Specimens are housed in the NTGS Core Library 
collection. Illustrated specimens are identified by drillhole 
name, depth, slide number and England Finder position on 
the slide. Authors of taxonomic names are omitted in the 
text and figure captions; instead full citations are given in 
Appendix 1 (following Jansonius and McGregor 1996).

Results

Core and cuttings samples taken from selected petroleum 
exploration wells along a ca 200 km north–south transect 
across the Beetaloo Sub-basin were analyzed for their 
palynostratigraphic potential (Figure 2, Table 1,2). Results 
represent only a preliminary investigation, especially given 
the amount of core and suitability of lithologies available 
for wider study. Even so, palynostratigraphy supports 
wireline log correlations (Gorter and Grey 2012) and Grey 
(2013a–g). The presence of different species indicates that 
it should be possible to differentiate biostratigraphically 
between the upper and lower Roper Group, particularly as 
the formations studied contain parallel paleoenvironmental 
ranges as recorded by Javaux et al (2001). Many samples 
show excellent preservation and initial distribution plots 
(Table 2) suggest differentiation between stratigraphic 
levels will be enough to develop a more refined correlation 
scheme. Preservation varies between drillholes and there is 
considerable taphonomic variation, much of which reflects 
proximity to hydrocarbon generation as discussed below. 
Most samples contain abundant long-ranging species that 
are present throughout the Proterozoic and are of limited use 
biostratigraphically. These include species of Leiosphaeridia 
(simple spherical acritarchs) and filamentous palynomorphs 
such as Siphonophycus spp and Clavitrichoides spp Other 
species apparently have their first appearance datum 
(FAD) about this time and some may have restricted 
ranges. Comprehensive species identification must await 
detailed systematic studies. Ranges for selected taxa are 
given in Figure 2 and selected specimens are illustrated in 
Figure 3–5.

Altree 2 was sampled between 497.5 m and 1200.9 m. 
Nine samples were collected from the Velkerri Formation: 
two from the upper (497.5 m and 610 m), five from the 
middle (695.35 m, 700.45 m, 824.2 m, 876.25 m and 924.9 m) 
and two from the lower part (999.8 and 1200.9 m) of the 
formation. Palynomorphs are abundant and well preserved 
in the upper part of the Velkerri Formation but are poorly 
preserved in the middle and lower parts of the formation.

Balmain 1 penetrated the Chambers River Formation 
and bottomed in the upper Kyalla Formation. Only a 
single palynological sample (800.8 m) was collected from 
the Chambers River Formation, which contains a rich and 
diverse assemblage of well preserved palynomorphs. 

Elliott 1 was sampled between 710.95 m and 1275 m, 
with all four samples being collected from the Kyalla 
Formation. The samples are generally more poorly 
preserved and the biota is not as diverse as those 
from drillholes elsewhere in the Beetaloo Sub-basin. 
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Chlorogloeaopsis 
kanshienensis X

Siphonophycus septatum X

Siphonophycus solidum X

Trachythrichoides ovalis X

Arctacellularia ellipsoidea X X

Chlorogloeaopsis contexta X X

Clavitrichoides sp. X

Chains of spheres in 
cuboids X X

linked chain X

Siphonophycus kestron X X

Siphonophycus robustum X X

Siphonophycus typicum X X

Siphonophycus spp. X X X

Linked chains X

sheaths X X

large striated tubes X

Acritarchs

Leiosphaeridia 
minutissima X X

Satka ?colonialica X X

Simia annulare X X

?Valeria lophostriata X

Acritarch with ridged 
ornament X

Leiosphere with equatorial 
ridge X

Chuaria cf. circularis X X

Myxococcoides spp. X X X

Satka sp. X X

Simia sp. X X

Synsphaeridium sp. X X X

Leiosphaeridia jacutica X X X

Symplassosphaeridium sp. X X X X

Dictyosphaera sp. X

Leiosphaeridia crassa X X X X X

Leiosphaeridia tenuissima X X X

Leiosphaeridia spp. X X X X

Satka favosa X

Satka squamifera X

Stictospaeridium sp. X

Tappania plana X

Valeria lophostriata X

Table 2. Preliminary range chart.



39

AGES2015

Nevertheless, some well preserved taxa are present, and 
further systematic study is warranted.

Jamison 1 was one of the more comprehensively sampled 
drillholes. Sixteen samples were collected: four from the 
Chambers River Formation (561.1 m, 724.3 m, 774.7 m, 
and 870.82 m) and 12 from the Kyalla Formation (1130.7 m, 
1130.9 m, 1135.6 m, 1237 m, 1239.5 m, 1297.3 m, 1300 m, 
1397 m, 1400.9 m, 1401.3 m, 1598.6 m, 1601.9 m). Abundant 
well preserved palynomorphs are present in the three lower 
Chambers River Formation samples. Kyalla Formation 
samples are more poorly preserved and less diverse. Poor 
quality preparation prevented detailed logging of the lower 
eight samples.

Mason 1 bottomed in the upper Kyalla Formation after 
penetrating middle and early Cambrian, the Chambers 
River Formation, Hayfield Mudstone, Jamison Sandstone 
and Bukalorkmi Sandstone. A single palynological sample 
(cuttings from 745 to 751 m) was collected from the ‘most 
marine section’ of the Chambers River Formation. The 
sample contains abundant well preserved palynomorphs, 
mostly long-ranging, but comparable with species at this 
level in other drillholes.

McManus 1 is one of the few Beetaloo Sub-basin drillholes 
to extend through the upper and middle Roper Group. Most 
samples contain palynomorphs, but sample preparation 
problems hindered identification. The drillhole bottomed in 
the lower Velkerri Formation after penetrating middle and 
early Cambrian, the Chambers River Formation, Hayfield 
Mudstone, Jamison Sandstone, possible Kyalla Formation, 
Moroak Sandstone and the upper, middle and uppermost 
lower Velkerri Formation. Seventeen palynological core 
samples were collected: one from the middle Cambrian 
(127.50 m), five from the Chambers River Formation 
(301.00 m, 451.00 m, 455.65 m, 459.40 m, 460.00 m), three 
from the ?Kyalla Formation (592.50 m, 593.20 m, 602.40 m), 
six from the upper Velkerri Formation (770.00 m, 771.55 m, 
780.50 m, 799.50 m, 808.70 m, 1152.50 m), one from the 
middle Velkerri Formation (1400.00 m) and one from the 
lower Velkerri Formation (1603.57 m). Several samples 
contain abundant well preserved palynomorphs. Others 
contain only a few poorly preserved specimens or are barren, 
particularly in the middle and lower Velkerri Formation where 
oil generation probably occurred. Many identified species 
are long ranging, but two upper Velkerri Formation samples 
contain several new forms with unusual morphologies. Most 
slides contain abundant finely disseminated organic particles 
and mineral grains, mostly pyrite. Despite poor preparation, 
abundant well preserved palynomorphs are present, including 
numerous small coenobial aggregates.

Shenandoah 1–1A, located near drillhole Balmain 1, 
was drilled by Sweetpea Petroleum Pty Ltd to 1555 m in the 
lower Kyalla Formation. The well was deepened to 2714 m 
by Falcon Oil and Gas Australia Pty Ltd, terminating in 
the ?lower Velkerri Formation. It penetrated Early and 
Middle Cambrian, including the Antrim Plateau Volcanics, 
and various upper Roper Group formations, including 
the Chambers River Formation, Hayfield Mudstone, and 
Jamison and Bukalorkmi Sandstones, the upper, middle 
and lower Kyalla Formation, the Moroak Sandstone and the 

Velkerri Formation, terminating in possible lower Velkerri 
Formation. Four cuttings samples were collected for 
palynological analysis, two from the lower Kyalla Formation 
(1601–1610 m and 1655–1664 m) and two from the ?lower 
Velkerri Formation (2519–2528 m and 2705–2714 m). The 
two samples from the Kyalla Formation contain abundant 
organic debris but no identifiable palynomorphs. The two 
samples from the Velkerri Formation are poorly preserved, 
but contain some identifiable palynomorphs. Species 
distributions within the three formations sampled are 
plotted in Table 2 and discussed below. 

Lower and middle Velkerri Formation

In Altree 2, samples from the lower and middle Velkerri 
Formation contain few palynomorphs but are dominated by 
abundant amorphogen (‘fluffy kerogen’, Figure  3a –h), a 
feature consistent with hydrocarbon generation (Bechstädt 
et al 2009). Amorphous kerogen is common in the lower 
samples (Figure 3a–d), but only a few, rare, poorly 
preserved palynomorphs are present (Figure 3e, f). 
They consist mainly of leiospheres, although degraded 
filaments and filament sheaths are present and consist 
mostly of Siphonophycus robustum and other species of 
Siphonophycus. A few specimens of Symplassosphaeridium 
spp are present (Figure 3g), including rare conical forms 
(Figure 3f). The middle Velkerri Formation consists 
almost entirely of amorphous kerogen and does not contain 
identifiable palynomorphs. 

Upper Velkerri Formation

Samples from the upper Velkerri Formation contain 
amorphous kerogen fragments (probably degraded bacterial 
mat and fragments of acritarchs), numerous degraded 
filaments, spherical forms (mostly simple leiospheres) and 
hundreds of small cellular clusters (coenobial aggregates), 
plus some problematic forms and rare process-bearing 
specimens. Filaments are common in several samples and 
include large sheaths, complex possibly branching filaments 
or filament tangles (including specimens of Siphonophycus 
belonging to several species), broad septate filaments and 
small tubular sheaths. The high percentage of filaments 
indicates shallow-water, near shore deposition.

Leiospheres are common and include Leiosphaeridia 
crassa, L. jacutica, L. minutissima and L. tenuissima in 
various states of preservation. A few specimens of the 
large, smooth-walled acritarch, Chuaria cf circularis, are 
present. Among the spherical forms are leiospheres with 
a fold or thickening around the equatorial rim (Figure 3i) 
and spheres with thickenings or muri, ?Dictyosphaera sp 
(Figure 3j). Some acritarchs have an equatorial flange, 
Simia sp (Figure 3k).

Coenobial clusters are common. Those that consist 
of cellular colonies with no fixed cell numbers, regular 
organization or specialization, are tentatively assigned to 
Myxococcoides spp, a genus common in the Mesoproterozoic 
and Neoproterozoic. Aggregates in which cells appear 
to show numerical consistency and are organized into a 
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Figure 3. Fluffy kerogen and selected palynomorphs, Velkerri Formation. (a–d) The lower and middle Velkerri Formation consists 
almost entirely of amorphous kerogen and contains only a few identifiable palynomorphs. (a–d) Altree 2; (a) Amorphogen (‘fluffy 
kerogen’) with poorly preserved acritarchs, 999.8 m, slide 2, 53D2; (b) Thermally mature amorphogen, 924.9 m, slide 2, 48G0; 
(c) Typical amorphogen fragment, 700.45 m, slide 2, 48J0; (d) Typical amorphogen, 695.35 m, 54H4.  (e,f) Typical lower Velkerri 
Formation preservation, unidentified acritarchs, Altree 2, 999.8 m, slide 2, both at 53D2. (g) Symplassosphaeridium sp, one of the 
few recognizable acritarchs in the lower Velkerri Formation, Shenandoah 1A, 2519 m, slide 2, 72O1. (h) Problematica, cone-shaped 
palynomorph, Shenandoah 1A, 2519 m, slide 2, 69L0. (i–u) Well preserved palynomorphs in the upper Velkerri Formation. (i) Leiosphere 
with fold or thickening around equatorial rim, McManus 1, 770 m, slide 2, 64J2. (j) Sphere with thickenings or muri, ?Dictyosphaera 
sp, Altree 2, 610 m, slide 2, 60X0. (k) Simia sp, McManus 1, 770 m, slide 2, 63G0. (l) Symplassosphaeridium sp, Altree 2, 497.5 m, 
slide 3, 44G4. (m,n). Small spheres with processes with expanded tips, Altree 2, 610 m, slide 2, 64E4; McManus 1, 771.55 m, slide 2, 
52V0. (o) Unnamed acritarch with thin tapering processes, McManus 1, 799.5 m, 65J3. (p) Small chain of linked spheres, McManus 1, 
771.55 m, slide 4, 55Q2. (q) Chain of linked bodies, cf Brevitrichoides bashkiricus, McManus 1, 770 m, slide 2, 69K1. (r) cluster of larger 
spheres, ?Synsphaeridium sp, McManus 1, 770 m, slide 2, 69K1. (s,t) Problematic conical structures with ridges, McManus 1, 780.5 m, 
slide 3; (s) one of several apparently connected conical structures, 40V0; (t) isolated broken cone, 38J0. (u) Star-shape structure with dark 
central body, McManus 1, 799.5 m, slide 2, 52D0.
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structured sphere, are assigned to Symplassosphaeridium 
spp (Figure 3l), or to Satka spp for larger specimens. 

Upper Velkerri Formation samples contain fewer 
specimens of Symplassosphaeridium than the overlying 
Kyalla and Chambers River formations. There are 
rare small, spherical forms with a few processes with 
expanded tips (Figure 3m, n), and others with sparse, 
thin, tubular, tapering processes (Figure 3o). Chains of 
linked bodies are also present (Figure 3p), one of which 
resembles Brevitrichoides bashkiricus, but is much smaller 
(Figure 3q). Irregular clusters of a few larger associated 
cells are assigned to Synsphaeridium sp (Figure 3r), 
although it is not clear that all forms belong to this genus.

In Jamison 1, the upper Velkerri Formation assemblage 
contains elements similar to those present in the same 
formation in other Beetaloo Sub-basin drillholes, but there 
are also palynomorphs with unusual morphologies that 
probably represent new taxa. Two samples from McManus 
1 are characterized by curious conical structures that occur 
either individually or linked into four-pointed stars and which 
cannot be readily assigned to known taxa. They are unlikely 
to be artifacts because there are several specimens that are all 
the same colour as other palynomorphs from the same sample, 
plus there are similar specimens in other upper Velkerri 
Formation samples. They have a high degree of complexity, 
especially for Mesoproterozoic fossils. One fragmented, four-
pointed star has distinctly conical appendages, which when 
magnified, appear to have a reticulate pattern of thickenings 
on the surface (Figure 3s). Another isolated cone has a 
spiral or segmented pattern on its surface (Figure 3t). Such 
isolated cones slightly resemble the lower Cambrian genus 
Ceratophyton but are much smaller than that genus. A stellate 
structure with a dark central body is hollow and has short 
conical points (Figure 3u). It is apparently only half of the 
original structure, split through the plane of the star. Other 
complex forms of uncertain affinity appear to be present but 
samples need to be better prepared before their morphologies 
can be identified.

Kyalla Formation

In Elliott 1, palynomorphs are not as well preserved or 
abundant as in other drillholes in the basin. A sample from 
the lower part of the Kyalla Formation (1275 m) and two 
from the middle (925 m and 1051.5 m) are poorly preserved 
and only contain few identifiable specimens.  One from 
the upper Kyalla Formation (710.95 m) is slightly better 
preserved. Amorphogen, consistent with oil generation, 
is present and is more abundant in the lower slides. Finely 
disseminated organic particles and large amorphous organic 
fragments, both probably derived from degraded bacterial 
mat, are abundant. Poorly preserved filaments and spheres 
(not identifiable) are present in most slides. Pyrite grains 
are common. In Jamison 1, preservation is also poor and 
poor preparation prevented detailed logging. In McManus 
1, the two lower samples from the Kyalla Formation are 
badly preserved and have yielded only limited identifiable 
specimens. The youngest sample from the Kyalla Formation 
contains a similar suite of better preserved palynomorphs, as 

well as disseminated organic particles and large amorphous 
organic fragments, both probably derived from degraded 
bacterial mat. In Shenandoah 1–1A, two samples from the 
Kyalla Formation contain abundant organic debris but no 
identifiable palynomorphs. A few degraded large filaments 
and spheres are present.

Filaments are rare and consist of a few poorly preserved 
filaments of Siphonophycus robustum and Siphonophycus 
spp. Filament sheaths with a bulbous termination, 
Clavitrichoides spp, are a distinctive component of the 
assemblage (Figure 4a, c). Linked chains of cells, some 
with a terminal cell are also present (Figure 4d, e). Various 
species of Leiosphaeridia are common, and include 
Leiosphaeridia crassa; L. jacutica; L. minutissima and 
L. tenuissima. There are rare specimens of the large spherical 
acritarch ?Chuaria cf circularis (Figure 4f). A fragment 
with poorly preserved concentric striations is tentatively 
placed in ?Valeria lophostriata (Figure 4g). Spheres with 
semi-reticulate thickenings or muri, ?Dictyosphaera sp, are 
similar to ones present in the Velkerri Formation (Figure 4h). 
There are several specimens of small, spherical acritarchs 
with an apparent equatorial fold or thickening (Figure 4i –k). 
Coenobial aggregates are common, although those of the 
type normally assigned to Symplassosphaeridium spp do 
not seem to be as numerous as in the Velkerri or Chambers 
River formations. There are a few, poorly preserved, small, 
unstructured clusters, as well as larger clusters assigned 
to Synsphaeridium sp (Figure 4m, n), and rarer, linked 
chains (Figure 4o). Many specimens require more detailed 
systematic analysis before identifications can be confirmed. 

Chambers River Formation

The Chambers River Formation was examined in a total of 
eleven samples (one from Balmain 1, four from Jamison 1, 
one from Mason 1 and five from McManus 1).  The 
assemblage is characterized by abundant clusters of small, 
tightly packed spheres (cf Symplassosphaeridium) and 
chains of linked spheres. Palynomorphs are abundant in the 
single Balmain 1 sample. In Jamison 1, a few specimens are 
present in the uppermost sample but are poorly preserved. 
The other three samples contain a rich and diverse 
assemblage. Palynomorphs are abundant and moderately 
well preserved in most of the five samples from the Chambers 
River Formation in McManus 1. The single Mason 1 sample 
contains an abundant well preserved assemblage, despite 
poor preparation, and would repay more detailed study, 
although care would need to be taken in interpreting the 
biostratigraphy if only cuttings are available.

Degraded filaments and filament sheaths are 
common, as are more complex, cylindrical filamentous 
structures composed of linked spheres in defined rows, 
Chlorogloeaopsis contextus, (Figure 5a–c), and a 
second species with larger spheres arranged in fewer 
rows, Chlorogloeaopsis kanshienensis (Figure 5d). Of 
particular note are unnamed chain-like aggregates of 
coccoids arranged in a cuboid pattern (Figure 5e, f). 
Diver (1974) recorded a similar fossil in the Bungle 
Bungle Dolomite in the Osmond Basin. Other linked 
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chains of large cells, Trachythrichoides ovalis (Figure 5g) 
and Arctacellularia ellipsoidea (Figure 5h), are present 
at this level especially in Balmain 1. There are also some 
unusual-looking structures consisting of tapering ovoids 
of uncertain affinity (Figure 5i). They may be sheaths or a 
fragment of a stellate-like structure like those in the upper 
Velkerri Formation. 

Chuaria cf circularis and various leiosphere species are 
common and Simia annulare (Figure 5j), a form with an 
equatorial membrane or flange is present. The assemblage 
is dominated by coenobial aggregates of various sizes, 
including abundant small clusters of tightly packed spheres, 
Symplassosphaeridium spp (Figure 5k–m), irregular 
clusters of small spheres, Myxococcoides spp (Figure 5n, o) 
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Figure 4. Selected palynomorphs, Kyalla Formation. (a–c) Clavitrichoides sp, tubular sheath with bulbous termination, Elliott 1; 
(a) 925 m, slide 2, 55R0; (b) 710.95 m, slide 3, 71J0; (c) 710.95 m, slide 3, M483. (d,e) Chains of linked spheres with a terminal cell; 
Elliott 1, 710.95 m, slide 3; (d) outside grid; (e) 36V0. (f) Chuaria cf circularis, Elliott 1, 710.95 m, slide 3, 48M3. (g) ?Valeria lophostriata, 
Elliott 1, 925 m, slide 2, 67W3. (h) Sphere with thickenings or muri, ?Dictyosphaera sp, Elliott 1, 710.95 m, slide 3, 50U3. (i–k)  nnamed 
leiosphere with equatorial fold and other folds parallel to equator; Jamison 1, 1135.6 m, slide 2; (i) 67F2; (j) 70j4; (k) 63E0. (l) Small 
cluster, McManus 1, 592.5 m, slide 2, 58B0. (m) Large cluster of 3 cells, McManus 1, 602.4 m, slide 2, 50D4. (n) Synsphaeridium sp, 
Elliott 1, 710.95 m, slide 3, 64V1. (o) Linked chain of 3 cells, Elliott 1, 710.95 m, slide 3, outside grid.
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and larger spherical clusters, sometimes loosely aggregated, 
Satka spp (Figure 5p) or if surrounded by a membrane, 
Satka colonialica (Figure 5q).

Although many species are long ranging and are known 
to range from early Mesoproterozoic to Neoproterozoic, 
others occurring in the Chambers River Formation 
(>1324 Ma) seem to be the oldest known record (FAD). They 

include Chlorogloeaopsis contextus, C .kanshienensis, 
Trachythrichoides ovalis and Arctacellularia ellipsoidea.

Middle Cambrian

The single sample from the middle Cambrian in McManus 1 
was barren.

Figure 5. Selected palynomorphs, Chambers River Formation. (a–c) Chlorogloeaopsis contexta; (a–b) Balmain 1, 800.8 m, slide 3; 
(a) 62F0; (b) 69M2; (c) Jamison 1, 724.3 m, slide 3, 62P3. (d) Chlorogloeaopsis kanshienensis, Jamison 1, 774.7 m, slide 2, 42D2. 
(e,f)  uboid chain of coccoids, Jamison 1, 724.3 m, slide 3; (e) 54M1; (f) fragment, 66O2. (g) Trachythrichoides ovalis, Jamison 1, 
774.7 m, slide 2, 69U2. (h) Arctacellularia ellipsoidea, Jamison 1, 774.7 m, slide 2, 72J3. (i) Ovoid sheath, Jamison 1, 724.3 m, slide 3, 
59K0. (j) Simia annulare, Jamison 1, 724.3 m, slide 3, 53V4. (k–m) small coenobial aggregates, McManus 1, 303 m, slide 2; (k) 55K0; 
(l) 60K0; (m) 57R4. (n,o) Myxococcoides sp, Jamison 1; (n) 724.3 m, slide 3, 47L0; (o) 774.7, slide 2, 71H2. (p) Satka sp, Jamison 1, 
724.3 m, slide 3, 58S0. (q) Satka colonialica, Jamison 1, 724.3 m, slide 3, 52L2.
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Thermal Alteration Index (TAI)

As mentioned in ‘Materials and Methods’, TAI results for 
Proterozoic samples may be inconsistent with Rock-Eval 
pyrolysis and vitrinite reflectance studies (Warren et al 1998) 
and are only a rough guide to thermal maturity. In some 
Beetaloo Sub-basin samples, organic matter is abundant and 
not only reached the right phase for hydrocarbon generation 
(Traverse 2007) but remained at appropriate oil-generation 
levels long enough for amorphogen to form. Amorphogen 
forms when palynomorphs lose their morphological features 
as volatiles are released, becoming amorphous fragments of 
kerogen (Figure 3a–d). 

In Altree 2, organic matter reached thermal maturity 
levels of 3+ and 4 in the upper Velkerri Formation (probably 
close to the oil–gas generation boundary) whereas TAI in 
the middle and lower Velkerri Formation is higher (4+) and 
overmature. Samples from the middle and lower Velkerri 
Formation are dominated by amorphogen indicating 
hydrocarbon generation (Bechstädt et al 2009). The middle 
Velkerri Formation consists almost entirely of amorphogen 
and does not contain identifiable palynomorphs.

The TAI in Balmain 1 indicates that organic matter in 
the Chambers River Formation reached a level of 3+, so lies 
close to the oil–gas generation boundary.

In Elliott 1, organic matter in the Kyalla Formation 
reached a level of 3+ (4 in the lowest sample), so the middle 
and upper parts of the formation lie close to the boundary 
between oil and gas generation and the lower Kyalla 
Formation is overmature for both. Amorphogen is abundant 
in the two lower samples.

In Jamison 1, organic matter in the Chambers River 
Formation reached a level of 3 to 3+ and is slightly 
undermature to mature for petroleum formation. The 
underlying Kyalla Formation is more mature, although 
overheating of kerogen slides during preparation makes this 
difficult to determine. It appears to be within the range for 
oil and gas generation.

The TAI in Mason 1 indicates a thermal alteration 
index for organic material of 3+ to 4- in the single sample 
from the Chambers River Formation, so this interval is 
possibly overmature for oil and gas. However, the slide was 
overheated during preparation, so the colouration of the 
organic material is not necessarily reliable.

 In McManus 1, kerogen slides indicate a TAI ranging 
downhole from 3+ to 4+. Organic matter in the Chambers 
River and Kyalla formations is undermature to mature 
for oil generation, whereas the upper Velkerri Formation 
is close to the oil window. The middle and lower Velkerri 
Formation show all the characteristics of being within the 
oil generation window. A sample from 1152.5 m in the upper 
Velkerri Formation, the single sample from the middle 
and the single sample from the lower Velkerri Formation 
all contain abundant amorphogen and are consistent with 
hydrocarbon generation. A single Cambrian sample (from 
127.5 m) is barren apart from abundant organic material, 
mostly amorphogen.

 In Shenandoah 1–1A, organic matter reached a maturity 
level of at least 3+ in the Kyalla Formation so probably 

lies close to the boundary between oil and gas generation, 
whereas that in Velkerri Formation is higher (4+) and is 
overmature. 

Conclusions

Microfossils recovered from the Velkerri, Kyalla and 
Chambers River formations (Maiwok Subgroup) in 
the Beetaloo Sub-basin show considerable promise 
for biostratigraphic correlation but require further 
documentation of distribution patterns, as well as systematic 
descriptions. Initial examination indicates abundant, diverse 
and extremely well preserved palynomorphs from several 
parts of the succession, including many taxa that could not 
readily be assigned to existing species or precisely dated. It is 
difficult to determine the palynological age at present, other 
than to suggest that the assemblage has a Mesoproterozoic 
aspect. Preservation is poor in the lower and middle 
Velkerri Formation but the abundance of amorphogen 
is consistent with the generation of hydrocarbons at this 
level. However preservation of palynomorphs, consisting of 
acritarchs, cyanobacteria, filaments and several problematic 
forms, is excellent in the upper Velkerri Formation; 
and assemblages have good potential for stratigraphic 
correlation.  Palynomorphs from the Chambers River and 
Kyalla formations are extremely well preserved in some 
parts of the basin and have high potential for correlation. 
Preliminary results indicate that systematic sampling of 
the drillholes studied here, as well as other drillholes in the 
greater McArthur Basin would be worthwhile.

Maiwok Subgroup assemblages in the Beetaloo 
Sub-basin are consistent with microfossils recorded in 
the Sherwin Formation (Peat et al 1978), so it should be 
possible to correlate the successions between basins using 
palynostratigraphy involving more detailed studies of 
drillholes known to contain fossils, and of drillcores not yet 
examined. 

So far, no specimens of the large process-bearing 
Tappania plana or other species recorded by Javaux 
et al (2001) from the Corcoran Formation (basal Maiwok 
Subgroup) or the Jalboi and Mainoru formations (Collara 
Subgroup) have been observed, despite both subgroups 
having a similar range of paleoenvironments. Detailed 
comparisons of assemblages found in the Maiwok and 
Collara Subgroups should allow differentiation between 
the lower and upper Roper Group successions and provide 
significant paleoenvironmental and biostratigraphic data. 
From preliminary work, the ratio of filaments to acritarchs 
could be useful in indicating the distance from shore 
throughout the succession but further study is needed to 
confirm this. 

Additional studies are needed to calibrate the TAI, as 
determined from the colour of organic matter, with maturity 
levels determined from vitrinite reflectance and Rock-Eval 
pyrolysis in Proterozoic successions. TAI has potential to be 
a valuable indicator of thermal gradient in the Proterozoic 
but needs standardization for application with confidence.

Several species, particularly those belonging to genera 
such as the sphaeromorph acritarch Leiosphaeridia, the 
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colonial Myxococcoides, Symplassosphaeridium and 
Synsphaeridium and the filamentous Siphonophycus, 
are long-ranging and have been recorded from intervals 
older than the Roper Group and range through to the 
Neoproterozoic. However the Maiwok Subgroup record 
seems to provide the earliest evidence of species such as 
Arctacellularia ellipsoidea, Chlorogloeaopsis contexta, 
Satka colonialica and Simia annulare, which range into the 
Neoproterozoic. The assemblage is similar but not identical, 
to one in the ca 1270 to 723 Ma Bylot Supergroup of Arctic 
Canada (Hofmann and Jackson 1994). Similar species 
are present in younger Mesoproterozoic stratigraphic 
units, such as the ca 1000 Ma Lakhanda Formation and 
late Mesoproterozoic Miroyedikha Formations of Siberia 
(Jankauskas et al 1989, Bartley et al 2001).

Given the high quality preservation, abundance of 
previously undescribed taxa and the high potential for 
biostratigraphic correlation, it is strongly recommended 
that further palynological analysis be undertaken on 
selected Beetaloo Sub-basin and corresponding McArthur 
Basin drillholes. Care is needed in filtering and mounting 
samples as specimen density on the prepared slides is 
generally too high, limiting identification. There is potential 
for the development of a correlation scheme that would have 
application not only for the hydrocarbon-prone Beetaloo 
Sub-basin and the mineral-rich McArthur Basin, but also 
for other underexplored northern Australian basins, as well 
as potential global correlations.
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APPENDIX 1: TAXONOMIC CITATIONS

The names of authors of scientific names were omitted in 
the text and instead are listed here. They are the names of 
taxonomic authors, not references, so are not necessarily 
cited in the references.

Arctacellularia German in Timofeev et al 1976
Arctacellularia ellipsoidea German in Timofeev et al 1976
Brevitrichoides bashkiricus Jankauskas ( = Yankauskas) 

1982
Ceratophyton Kiryanov 1979 
Chlorogloeaopsis contextus (Hermann (=German) 1984) 

Hofmann and Jackson 1994
Chlorogloeaopsis kanshienensis (Maithy) Hofmann and 

Jackson 1994
Chuaria cf circularis Walcott 1899; emend. Vidal and Ford 

1985
Clavitrichoides Mikhailova in Jankauskas et al 1989
Dictyosphaera Xing Yusheng and Liu Kuizhih 1973
Leiosphaeridia  Eisenack 1958; emend. Downie and 

Sarjeant, 1963; emend. Turner 1984
Leiosphaeridia crassa (Naumova, 1949) Jankauskas 1989 

in Jankauskas et al 1989
Leiosphaeridia jacutica (Timofeev 1966) Mikhailova and 

Jankauskas 1989 in Jankauskas et al 1989
Leiosphaeridia minutissima (Naumova 1949) emend. 

Jankauskas 1989 in Jankauskas et al 1989
Leiosphaeridia tenuissima Eisenack 1958
Myxococcoides Schopf 1968
Satka Jankauskas 1979
Satka colonialica Jankauskas 1979
Satka favosa Jankauskas 1979
Satka squamifera Pyatiletov 1980
Simia Mikhailova and Jankauskas in Jankauskas et al. 1989
Simia annulare (Timofeev 1969) Mikhailova and Jankauskas 

in Jankauskas et al 1989
Siphonophycus Schopf 1968; emend. Knoll, Swett and Mark 

1991
Siphonophycus kestron Schopf 1968
Siphonophycus robustum (Schopf 1968) emend. Knoll, 

Swett and Mark 1991
Siphonophycus septatum (Schopf 1968) Knoll emend. 

Knoll, Swett and Mark 1991
Siphonophycus solidum (Golub 1979) emend. Butterfield 

1994
Siphonophycus typicum (Hermann 1974) Butterfield 1994
Stictosphaeridium Timofeev 1962
Symplassosphaeridium Timofeev 1959 ex Timofeev 1969
Synsphaeridium Eisenack 1965
Tappania plana Yin L 1997
Trachythrichoides ovalis Hermann (=German) 1986
Valeria lophostriata (Jankauskas 1979) Jankauskas 1982
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Significant potential for unconventional hydrocarbon 
resources exists in the vastly underexplored Proterozoic 
source rocks of the greater McArthur Basin, which is poorly 
exposed over a large proportion of the Northern Territory 
(Figure 1). Recent advances in technologies for liberating 

hydrocarbons from shale have now made exploration feasible 
in remote, frontier basins such as the McArthur Basin. For this 
reason the Northern Territory has seen a significant increase 
in onshore exploration for unconventional resources over the 
last two years, particularly in the greater McArthur Basin. 

The Northern Territory Geological Survey (NTGS) 
is currently assessing the greater McArthur Basin for its 
hidden potential for self-sourced continuous shale petroleum 
plays. New data has emerged from historical wells that were 
deemed unsuccessful for conventional oil and gas plays at 
the time of drilling. This data combined with the application 
of new analytical techniques, approaches and concepts in 
the understanding of the regional-scale geology and basin 
architecture could unlock potential for unconventional plays 
that had been previously overlooked in the McArthur Basin. 

The McArthur Basin has long been recognised as 
having potential for petroleum and both oil and gas are 
known to have flowed from petroleum wells and mineral 
exploration drillholes (Munson, 2014). Recent and ongoing 
work by the NTGS is focusing on the Mesoproterozoic 
black shales of the Roper Group within the Wilton package 
of the greater McArthur Basin. The Roper Group comprises 
two prospective shale units, the Kyalla and the Velkerri 
formations. Both formations have proven potential as active 
source rocks. Complementary to sampling shales from the 
Wilton package of the McArthur Basin, investigations were 
undertaken into stratigraphic correlative units present in the 
Birrindudu Basin and Tomkinson Province, located in the 
western and central Northern Territory.

An extensive sampling program of legacy cores held at 
the NTGS core store in Darwin and the Data Repository 
of Geoscience Australia in Canberra was undertaken 
in 2014. Cores from 45 locations were reviewed and 
695 samples taken through intersections of the shales 
of the Mesoproterozoic Wilton package and earlier 
Palaeoproterozoic units from the Birrindudu Basin’s 
Limbunya Group (Figure 2). This program has increased 
the sampling frequency for the organic geochemistry of 
the shales of the Wilton package by 25% and by 100% 
for the Limbunya Group and has resulted in a reduced 
sampling interval of between ten to five metres through the 
shale intersections.  A suite of analyses of these samples 
includes total organic carbon (TOC) content, programmed 
pyrolysis, bulk and clay mineral content, elemental 
kerogen studies and fluid content analysis. These analyses 
are essential to determine areas of greater potential for 
hosting shale petroleum plays as defined by the following 
key parameters, adapted from Zou (2013):

• TOC >2% (non-residual organic carbon)
• Maturity of dark organic-rich shale is over 1.1%
• Brittle mineral content (quartz, carbonates, feldspars) 

>40%, clay mineral content <30%
• Air porosity over 2%, permeability over 0.0001 X 10-3 um2

• Effective thickness of organic–rich shale over 30–50 m.

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

2 Email: daniel.revie@nt.gov.au 
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Figure 1. Regional geological map showing the location and extent 
of the greater McArthur Basin (as outlined in red). The greater 
McArthur Basin incorporates the McArthur and Birrindudu basins 
and the Tomkinson Province, and is disconformably overlain by 
the Carpentaria, Wiso, Daly, Georgina and Arafura basins.
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Figure 2. Location map of drill 
collars for the sampled cores 
from the 2014 NTGS black shale 
sampling program. Green dots 
indicate sampled holes; purple stars 
indicate the location of drill collars 
for cores that will be investigated 
through 2015 and beyond.

Formation TOC* weight % 
Average (range)

S1** mg HC/g rock 
average (range)

S2*** mg HC/g rock 
average (range)

Clay mineral 
%

Brittle mineral 
%

Chambers River Formation 
n = 24

0.35% 
(0.05-0.85%)

0.01 
(0.01-0.01)

0.03 
(0.01-0.1)

0% 
(n = 2)

100% 
(n = 2)

Hayfield Mudstone 
n = 2

0.12% 
(0.09-0.16%)

0.12 
(0.12 – 0.12)

0.18 
(0 – 0.18) no data no data

Kyalla Formation 
n = 442

1.25% 
(0.7-8.97%)

0.56 
(0.01 – 3.59)

3.36 
(0.04 – 22.79)

43% 
(n = 14)

57% 
(n = 14)

upper Velkerri Formation 
n = 346

1.12% 
(0.11-10.60%)

0.73 
(0.01 – 4.36)

2.26 
(0.02 – 27.91)

43% 
(n = 13)

57% 
(n = 13)

middle Velkerri Formation 
n = 803

3.69% 
(0.09-29.93%)

2.01 
(0.02 – 16.79)

9.54 
(0 - 70.66)

26% 
(n = 66)

74% 
(n = 66)

lower Velkerri Formation 
n = 314

0.75% 
(0.02-7.01%)

0.31 
(0 - 6.1)

0.89 
(0 - 11.63)

40% 
(n = 15)

60% 
(n = 15)

Corcoran Formation 
n = 155

0.28% 
(0.1-2.6%)

0.03 
(0 – 0.07)

0.09 
(0 – 1.16) no data no data

Mainoru Formation 
n = 27

0.26% 
(0.02-0.86%)

0.47 
(0-1.72)

0.70 
(0-1.39)

60% 
(n = 14)

40% 
(n = 14)

* TOC = Total Organic Carbon 
** S1 free hydrocarbons present in shale 
*** S2 hydrocarbons cracked from kerogen by heating to 600°C

Table 1. TOC, pyrolysis and mineral tenacity data for selected formations of the Roper Group within the McArthur Basin.
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The data from the recent sampling analyses has been 
combined with legacy data compiled from open file company 
reports to form an integrated organic geochemistry, and bulk 
and clay mineral XRD dataset. This dataset will provide a 
useful foundation for targeting future and current exploration. 

Preliminary results from the organic geochemistry 
analysis, combined with legacy data are summarised in 
Table 1. 

Other brittle minerals

30% clay

Kyalla Fm
upper Velkerri
middle Velkerri 
lower Velkerri 
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Figure 3. Ternary plot of brittle, clay and carbonate mineral 
content from selective sampling of the Roper and McArthur 
groups.

The data for the bulk and clay mineral fractions of the 
formations within the Roper Group of the Wilton package 
is based on recent and legacy XRD analysis and indicates 
varying degrees of clay mineral to brittle mineral fractions 
within each formation analysed (Figure 3).

The resultant analyses of the Wilton package will be 
a compiled of datasets and 2D sub-surface maps using 
the geological evaluation standards for high shale gas 
production and accumulation areas. 2D subsurface maps 
will include TOC, brittle and clay mineral content, shale 
maturity, kerogen typing, effective thickness, depth of 
formation, and fluid and gas content. 

The next phase of the investigation will see the 
repetition of the shale evaluation throughout the Meso- 
to Palaeoproterozoic packages, and form a basin-wide 
overview of the unconventional petroleum potential of the 
greater McArthur Basin.
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Pangaea Resources is exploring for organic-rich, 
unconventional shale reservoirs in the Palaeoproterozoic 
to Mesoproterozoic McArthur Basin including the  Roper 
Group sequences that lie beneath the younger sedimentary 
cover of the Cambrian-Phanerozoic basins west of the 
Daly Waters Arch (Figure 1).  In 2014 Hoffman reported 
on Pangaea’s 2013 regional 2D seismic programme and the 
resulting geological insights regarding the lateral extent of 
the greater McArthur Basin.  Pangaea subsequently drilled 
three exploration wells that included modern log suites 
and cores; and utilizing synthetic well-to-seismic ties, tied 
stratigraphic and lithological information into the regional 
2D seismic grid. The integrated well log and 2D seismic 
data demonstrates that in addition to the vast lateral extent 
of seismic reflection events, key stratigraphic/lithological 
units of the Palaeoproterozoic are also continuous across 
the greater McArthur Basin.  Lithological continuity of 
stratigraphic units over vast areas is similarly a characteristic 
of the Mesoproterozoic Roper Group sequence, and in 
particular, the organic-rich shales of the Velkerri Formation.

Palaeoproterozoic sequences outcrop extensively across 
northern Australia: in the McArthur Basin to the east and 

northeast, the Lawn Hill Platform to the southeast, the 
Birrindudu Basin to the west and the Tomkinson Province 
in the central south. Approximate age equivalence and 
lithological similarities amongst these outcropping 
sequences has led many workers to hypothesize that they 
are contiguous in the subsurface beneath the Roper Group 
and younger, overlying Cambrian-Phanerozoic basins and 
form a single superbasin (Powell et al 1987, Dunster and 
Ahmad 2010, Ahmad et al 2013, Ahmad and Scrimgeour 
2013).  Demonstrating such a hypothesis was not possible 
until Pangaea acquired 2D seismic data in 2013 across their 
tenements to the west of the Daly Waters Arch, in-filling 
the gap in subsurface data in the area under younger 
sedimentary cover between the Birrindudu Basin and the 
Batten Fault Zone of the McArthur Basin. Using Pangaea’s 
2D seismic coverage, Hoffman (2014) showed that distinct 
seismic packages could be mapped regionally from the 
Batten Fault Zone outcrop to the Birrindudu Basin. In 
particular, continuous parallel seismic reflection events 
with very characteristic high amplitude response were 
mapped across the entire 2D seismic data set (Figure 2). 
These high amplitude seismic reflection events observed on 
the 2002 Geoscience Australia/NTGS Deep Seismic Profile 
were tied directly to the outcrop of the Teena/Emmerugga 
Dolomite in the Batten Fault Zone. This seismic event then 

1 Pangaea Resources Pty Ltd.
2 Email: todd.hoffman@pangaea.net.au

Recent drilling results provide new insights into the western Palaeoproterozoic to Mesoproterozoic 
McArthur Basin
Todd W Hoffman1,2
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acted as a key reference point for correlating the McArthur 
and Limbunya Group nomenclature.  

Pangaea’s first two stratigraphic wells, Manbulloo-S1 
and Hidden Valley-S2, were located as stratigraphic tests to 
confirm and evaluate the existence of the McArthur Group 
and in particular, the Barney Creek Formation  based on the 
regional seismic correlation.  The Tarlee-S3 stratigraphic 
well was located to evaluate the middle Velkerri Formation 
and the Kyalla shale (Figure 1), and to determine the impact 
and stratigraphic position of the Derim Derim Sill within 
the middle Velkerri Formation.  

The Hidden Valley-S2 well was drilled in the southern 
portion of EP 168 on a regional basement high (Figure 1).  
At this location the Base Roper Unconformity, which can 
be mapped regionally on the seismic data, has truncated the 
Wattie and Bullita groups (Nathan Group equivalents) and 
also the upper McArthur Group down to the Barney Creek 

Formation, indicating that the Roper Group is a separate basin.  
The Barney Creek Formation appears to have been deposited 
in a proximal setting, with interbedded sequences of red and 
green beds, tuffs and palaeosols implying a very shallow 
to emergent depositional setting.  Below the Barney Creek 
Formation, a thick sequence of dolomite was intersected.  
This dolomitic unit corresponds to the continuous flat-lying 
high amplitude seismic event which could be mapped across 
the entire basin and ties to the Teena/Emmerugga Dolomite 
in the Batten Fault Zone.  The geophysical wireline log 
response of the sequence is consistent with the wireline log 
response from the Cow Lagoon-1 well in the Batten Fault 
Zone (Figure 3) and reinforces the regional correlation.   

In the Birrindudu Basin, Dunster (1998) correlated the 
upper Campbell Springs Dolostone to the Teena Dolomite 
based on SHRIMP dating of zircons (Figure 4); and the 
presence of tuff beds in the overlying  Fraynes Formation 

Figure 1.  Location map showing the distribution of Palaeoproterozoic sediments and key structural elements across the NT in relation 
to Pangaea’s exploration permits EP 167, 168, 169, 198 and 305.  Key wells and seismic lines are also identified.  The SEEBASE image 
is from De Vries et al (2006).



52

AGES2015

showed similarities to the Barney Creek Formation.  
This correlation is consistent with the regional seismic 
interpretation and the observations of the core and wireline 
logs from Hidden Valley-S2.

The Manbulloo-S1 well is located ~158 km north of 
Hidden Valley-S2 in EP 167 adjacent to a major inverted 
basin bounding fault.  The well intersected the McArthur 
Group directly below the overlying Cambrian Daly Basin.  
The McArthur Group in this well contains some of the 
younger units above the Barney Creek Formation not 
observed at Hidden Valley-S2, and likely intersected the 
Lynott Formation and Caranbirrini Member equivalents 
within the first 146 m of the Palaeoproterozoic sequence 
(Figure 3).  Below this, a thick sequence of dolomite was 
encountered and likely corresponds to the Reward Dolomite.   
Below the Reward Dolomite, a thick sequence of the Barney 
Creek Formation is preserved.  The Barney Creek Formation 
contained multiple zones of thin black shale, interbedded 
with dololutite and small tuff beds and appears to have 
been deposited in a slightly deeper water setting than the 
Barney Creek Formation at Hidden Valley-S2.  Below the 
Barney Creek Formation, the Teena Dolomite is absent 
and the Barney Creek Formation is in direct contact with 
the underlying Emmerugga Dolostone (Campbell Springs 
Dolostone).  Due to the proximity of the well to the major 
basin bounding fault, it is likely that the Teena Dolomite is 
faulted out in this well.  Towards the base of this dolomitic 
unit, a number of large faults were intersected and it is likely 
that 10s to 100s of metres of section are missing over multiple 
zones due to faulting down to the TD of the well.  Figure 3 

shows the tentative correlation of the key formations between 
Hidden Valley-S2, Manbulloo-S1 and Cow Lagoon-1. 

The presence of the Reward Dolomite and other younger 
McArthur Group equivalent units in Manbulloo-S1 can 
be mapped seismically to the west as far as the seismic 
coverage of the Birrindudu Basin (EP 198 region) but the 
strata have not been observed in the outcrop of the Limbunya 
Group.  This is due either to an erosional unconformity at 
the base of the overlying Wattie Group, non-deposition, or 
the lack of outcrop exposure at this stratigraphic level. Age 
dating of the tuff beds encountered in Manbulloo-S1 and 
Hidden Valley-S2 would help improve the confidence in the 
proposed correlation.  

The third well drilled during the 2014 exploration 
programme was Tarlee-S3.  This well is located approximately 
35 km west of the Daly Waters Arch and TD in the lower 
Velkerri Formation (Figure 1).  The primary target of the 
Tarlee-S3 well was the organically-rich shale reservoirs 
within the middle Velkerri Formation and this zone was 
fully cored in this well.  Like the underlying McArthur 
Basin sequence, regional correlations of existing petroleum 
wells across the Roper Group and stratigraphic equivalents 
highlight the remarkable lithological consistency of both 
the Kyalla Formation and the middle Velkerri Formation.  
Warren et al (1998) subdivided the middle Velkerri into three 
organic rich zones which were separated by two clay-rich, 
organically lean siltstones.  The organic-rich shales were 
termed units A, B and C (oldest to youngest) and the Altree-2 
well was used as the type well.  However looking at the 
wireline logs from over 16 wells across the basin, multiple 

Figure 2.  Southern McArthur Basin to Birrindudu 
Basin correlation.  2014 drilling results indicate that 
the Fraynes Formation is likely the lateral equivalent 
of the Barney Creek Formation and the Campbell 
Springs Dolostone is the lateral equivalent of the Teena/
Emmerugga Dolostone.  
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Figure 4.  McArthur Group seismic character correlation across the Daly Waters Arch.  A continuous bright reflector package (below 
green event) can be mapped across the entire Beetaloo, OT Downs sub-basins and western greater McArthur Basin.   This event is 
interpreted to be top of the Teena Dolomite (Campbell Springs Dolostone).  There is also clearly an angular unconformity at the base of 
the Roper Group in the western McArthur Basin which is much more difficult to identify in the Beetaloo Sub-basin.  

Figure 3.  Wireline correlation of the Palaeoproterozoic sequences from the Manbulloo-S1, Hidden Valley-S2 and Cow Lagoon-1 wells.  
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additional highly correlative log markers can be identified 
within the middle Velkerri Formation and the underlying 
and overlying lower and upper Velkerri formations.  These 
markers have been used to tie the Tarlee-S3 and Sever-1 wells 
into a regional framework (Figure 5).  The most consistent 
marker in the middle Velkerri shale is a thin calcite bed 
which marks the base of the middle Velkerri Formation.  
This calcite bed is present in every well drilled in the basin 
that intersects the base of the middle Velkerri Formation 
and may be present due to a hydrocarbon expulsion event in 
the middle Velkerri shale.  As an example, this marker was 
not present in Shenandoah-1A, and it is interpreted that this 
well terminated in the upper organically lean zone below the 
C shale.  Regionally, the Upper C shale appears to be the least 
consistent facies within the middle Velkerri Formation.  In 
Tarlee-S3, the C shale contains more extra-basinal siltstone 
which dilutes some of the organic material.  This dilution of 
the organic rich shale appears to increase to the south, and 
in Shenandoah-1A, the C shale contains more sand and silt 
than any of the wells drilled along the northern edge of the 
Beetaloo Sub-basin or the Bauhinia Shelf.   

The Derim Derim Sill has been encountered in a number 
of the existing petroleum wells across the Roper Group 
and stratigraphic equivalents.  These wells east and north 
of the Daly Waters Arch all encountered the sill below the 
middle Velkerri shale, with the exception of very thin sills 
on the order of a few centremeters in some wells.  West of 
the Daly Waters Arch, Sever-1 and Tarlee-S3 are the only 
two wells drilled into the middle Velkerri Formation, and 
both intersected the Derim Derim Sill within the middle 
Velkerri B shale.  The strong acoustic impedance contrast 
of the sill has allowed for the ready mapping of the spatial 
distribution and stratigraphic position of the sill on the 
seismic data.  The seismic data indicates that the sill moves 

stratigraphically within the middle Velkerri Formation west 
of the Daly Waters Arch and in some areas the sill can be 
mapped above the middle Velkerri Formation.

The 2014 drilling programme confirmed the presence of 
the McArthur Basin west of the Batten Fault Zone and also the 
presence of the Barney Creek Formation across an extremely 
large portion of the McArthur Basin.  The Hidden Valley-S2 
and Manbulloo-S1 wells along with the regional seismic data, 
confirm that the Birrindudu and McArthur basins are one 
large continuous basin and the overlying Mesoproterozoic 
Roper Group should be considered a separate basin.  Age 
dating of tuff beds within the Barney Creek Formation 
(Fraynes Formation) and other deeper formations within the 
McArthur Group in the Manbulloo-S1 and Hidden Valley-S2 
wells would greatly improve the correlation as well as the 
McArthur Group and Limbunya Group nomenclature. 
Tarlee-S3 confirms the lateral consistency of a number of the 
regional markers which have been identified, particularly the 
calcite marker at the base of the middle Velkerri Formation.  
The increase in extra-basinal material (siltstone) in the Upper 
C shale is consistent with the greater variability of this unit 
compared to the B and A shales across the basin.  It is also 
consistent with the increase in sand and silt observed in 
Shenandoah-1A. 
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Exploration techniques for uranium deposits on the example of Caramal prospect, Alligator Rivers 
Uranium Field
Yulia Uvarova1,2, James Austin3 and Louise Fisher1

Introduction

Major tools used for exploration of uranium deposits 
include radiometric measurements, geophysics and 
drilling. Because uranium deposits are in fact geochemical 
anomalies, they should be treated as such and strategies 
that integrate geochemistry as a significant part of the 
exploration repertoire should be used (Kyser et al 2009). 
The current study was carried out in collaboration with 
Alligator Energy Ltd to trial the application of geochemical 
and geophysical techniques to improve exploration targeting 
for unconformity uranium systems in the Myra Falls Inlier, 
Northern Territory, at Caramal prospect in particular 
(Figure 1). Specific methods trialled include: 

• conventional petrography and scanning electron 
microscopy

• hyperspectral analysis of key samples for discerning 
thermal zonation in chlorites and sericites

• weak acid leach and subsequent analysis by HR-ICP-MS 
for Pb/Pb and U/Pb isotope ratios and trace elements of 
samples from unconformity contacts

• lithogeochemical assessment of the existing database to 
identify alteration indices and vectors to mineralisation. 

Some of these methods are often considered academic but 
actually have great potential and should be part of advanced 
exploration efforts. Here we present some the results of the 
study conducted at Caramal that show potential for being 
applicable elsewhere.

Short-wave infrared spectroscopy

Fluids that produce mineral deposits also produce 
significant alteration zones around the mineralisation. 
Clay minerals are ubiquitous up to hundreds of meters 
from many deposits, and often there is zoning in the type 
of alteration minerals involved. Clay mineralogy can be 
used as an exploration technique in the field with the use 
of a portable short-wave infrared reflectance (SWIR) 
spectrometer. The SWIR technique is a rapid, non-
destructive and cost-effective method allowing accurate 
and consistent identification of groups and species of 
clay minerals, such as kaolin-group varieties, smectites, 
white micas and chlorites. Moreover SWIR can also 
provide information on crystallinity of clay minerals, 
and crystallinity in turn can provide information on the 
crystallization temperature of a particular clay species. 

As an example of applied mineralogy using SWIR, clay 
minerals from the Paleoproterozoic Athabasca and Thelon 
basins were separated from sandstones and analyzed 
by X-ray diffraction (XRD) and electron microprobe 
(EMP) for phase identification and chemical analysis. 
Temperatures of crystallization were estimated from 
XRD patterns using the Kübler index (for illite) or using 
the EMP data and cation exchange geothermometer (for 
chlorite). Samples of hydrothermally altered sandstones 
from the basin were then analysed with a FieldSpec 3 
portable SWIR instrument; clay minerals were identified, 
their percentages were estimated, and diagnostic spectral 
features were quantified and then correlated with 
the temperature of crystallisation of a particular clay 
mineral. Using these correlations for well-characterised 
sandstones, equations for temperature calculations were 
obtained. This technique allows rapid, cost-effective 
estimation of alteration mineralogy and temperature for 
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sandstone samples through SWIR analysis, which may 
assist exploration targeting.

We then applied this approach to sandstones and 
basement rocks at Caramal prospect. The temperatures of 
alteration were constrained to be in the range from 200 to 
250°C in the proximity to mineralisation, which is consistent 
with the previously constrained temperature of 200°C for 
mineralisation at Jabiluka, Nabarlek, Ranger, Koongarra 
and King River (Polito et al 2011). Hyperspectral technique 
can thus be applied for the exploration at Caramal and other 
prospects in order to establish chlorite alteration and most 
importantly, determine the temperature of alteration. This 
study also showed that samples with chlorite alteration but 
aberrantly high temperatures (>250°C) were from barren 
zones.

Weak acid leach

Lead isotope ratios and associated trace element 
concentrations extracted by partial leaching from the 
Proterozoic sandstones and basement rocks have the 
potential to reveal much about evolution of sedimentary 
basins hosting unconformity-type uranium deposits 
(Holk et al 2003). Radiogenic Pb and metal anomalies 
may be detected in rocks overlying a deposit, as elements 

are mobilised, migrate along the fractures and grain 
boundaries and are adsorbed on the surface of clay 
minerals with large surface areas and high surface charge. 
These metals can be easily leached by weak acid which 
preferentially removes elements from clay surfaces with 
minimal dissolution of other mineral phases. 206Pb/204Pb 
ratios greater than 30 are considered radiogenic, and 
might be indicative of the late introduction of radiogenic 
Pb into rocks from an extraneous U-rich source such 
as a uranium deposit or from in situ decay of uranium-
containing minerals (Holk et al 2003). Excess radiogenic 
Pb that cannot be accounted for by the decay of leachable 
U in the sample is referred to as ‘unsupported radiogenic 
Pb’, whereas that which can be accounted for by the decay 
of U in the sample is referred to as ‘supported radiogenic 
Pb’ (Holk et al 2003). 

In this study, weak acid leach and subsequent analysis 
for Pb and U isotope ratios and elemental concentrations 
were investigated at the Caramal prospect. Dolerite, schist, 
sandstone and quartzite were analysed for Pb isotope 
compositions. They all show variations in Pb isotopic 
ratios from nonradiogenic to highly radiogenic. All rocks 
analysed have medium leachable Pb (0.009 to 2.5 ppm) and 
U (0.008 to 1.6 ppm) concentrations. Pathfinder elements 
associated with unconformity-type U deposits such as Co, 
Ni, Cu, V, Th and REE were determined in leachates of 
Caramal rocks indicating possible introduction with the 
fluids. Moreover 206Pb/204Pb and 238U/206Pb ratios indicate 
that some radiogenic Pb is not supported by the amount 
of U in these rocks and likely reflects mobile radiogenic 
Pb introduced from an extraneous U-rich source mature 
enough to produce sufficient 206Pb. Some samples from 
the W-E Caramal transect show radiogenic unsupported 
Pb ratios distal from mineralisation. Another interesting 
observation is that samples with high radiogenic Pb ratios 
that most likely indicate mobile Pb introduced from the 
nearby U mineralisation, also display strong dominantly 
chlorite alteration with the temperatures in the range 
200 –250°C, which is common for deposits and prospects 
in the Alligator Rivers Uranium Field. 

Petrography and SEM

Detailed investigation of uranium mineralisation hosted 
in schists showed that the dominant U mineral is uraninite 
however another U4+ mineral, tristramite, was observed. 
Tristramite is a CaFeU4+ phosphate, which was noted only 
once in association to unconformity-type systems in the 
Thelon Basin (Beyer et al 2010). However at Boomerang 
Lake prospect in the Thelon Basin, tristramite is the only 
U4+ mineral observed and the researchers speculated 
it was due to the ineffective reduction of uranium from 
the fluids (Beyer et al 2010). Tristramite also occurs in 
sandstones and at the latest hydrothermal alteration stage 
in the Thelon Basin. At Caramal, tristramite occurs in 
schists and in association with uraninite in close proximity 
to pyrite that may have acted as a reductant (Figure 2). 
Tristramite occurrence at Caramal has its implications to 
our understanding of complex uranium systems.

Figure 1. Regional geology of the east Alligator Rives Uranium 
Field showing the location of the deposits and prospects (modified 
after Polito et al 2011).
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The Arnhem Province: new findings on the Paleoproterozoic basement in east Arnhem Land
Stefan Kraus1,2, Jo A Whelan1, Barry L Reno1 and Natalie Kositcin3

In 2014 the Northern Territory Geological Survey (NTGS) 
launched a new 1:100 000 scale geological mapping project 
under the CORE initiative focused on characterising the 
geology and resource potential of the poorly understood and 
underexplored Paleoproterozoic Arnhem Province. This 
investigation will assist in clarifying potential correlations 
with other basement terranes in the North Australian Craton, 
including the polymetallic Pine Creek Orogen. Preliminary 
results from mapping in the gove4, Caledon and Blane map 
areas indicate that the Arnhem Province can be subdivided 
into five main lithological units:

1. Grindall Formation: deformed but largely 
unmetamorphosed siliciclastic sequence, exposed only 
in the southern Arnhem Province,

2. Melville Bay Metamorphics: interlayered succession 
of granulite-facies, migmatitic metagreywacke, 
metamudstone and quartzite, 

3. Unnamed garnet-biotite bearing migmatitic orthogneiss,
4. Drimmie Head Granite and unnamed intrusions: locally 

deformed, xenolith/restite-rich cordierite-garnet-
bearing S-type granites, interpreted to have been 
produced through in situ partial melting of a granulite-
facies metasedimentary protolith,

5. Giddy Suite: voluminous, undeformed fayalite-biotite-
bearing A-type granites.

This work has resulted in a number of important 
findings, including the redefinition of the former Bradshaw 
Complex into constituent units and the recognition of 
ca 1880 Ma basement orthogneiss. The new detrital zircon 
dating suggests that the Grindall Formation and Melville 
Bay Metamorphics are not age correlatives of the Cosmo 
Supergroup of the Pine Creek Orogen as previously 
thought. The identification of melt formation and migration 
structures observed in the Melville Bay Metamorphics along 
with the similar mineralogy of leucocratic accumulations 
and the regional garnet-cordierite-bearing granites provides 
evidence that voluminous S-type intrusions were formed 
during high-T, low-P metamorphism and partial melting of 
the Melville Bay Metamorphics. 

Metamorphic grade is interpreted to decrease from north 
to south and previous interpretations have suggested that 
the Grindall Formation, exposed in the southern Arnhem 
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Province, represents an unmetamorphosed equivalent to 
granulite-facies rocks of the Melville Bay Metamorphics 
exposed in the northern part of the terrane. However, these 
relationships remain to be tested through geochemistry, 
isotopic data, geochronology and modelling of the thermal 
and structural evolution of the Arnhem Province.

Geological setting

The Paleoproterozoic Arnhem Province (formerly ‘Arnhem 
Inlier’) is variably exposed in north-eastern Arnhem Land 
(Figure 1), broadly defining three distinct areas of outcrop 
in the ARNHEM BAY-GOVE4 and BLUE MUD BAY 
1:250 000 map areas (Pietsch et al 1997, 1998). Along 
with the Pine Creek Orogen, the Arnhem Province forms 
the central northern part of the Paleo- to Mesoproterozoic 
North Australian Craton (NAC, Figure 1a).  Sedimentary 
and metasedimentary units within the Arnhem Province 
were previously tentatively interpreted to be correlatives of 
the Cosmo Supergroup of the Pine Creek Orogen (Ahmad 
and Munson 2013). The Arnhem Province is unconformably 
overlain by sedimentary and minor volcanic rocks of the 
Paleo- to Mesoproterozoic McArthur Basin and Cretaceous 
sedimentary rocks of the Carpentaria Basin, which host 
bauxite deposits on Gove Peninsula and the world-class 
manganese deposits on Groote Eylandt.

Previous to this investigation, stratigraphy as described in 
current NTGS publications defines the siliciclastic Grindall 
Formation as the oldest stratigraphic unit of the Arnhem 
Province (Haines et al 1999). The  broadly defined Bradshaw 
Complex which included a continuum of deformed granite, 
granitic gneiss, migmatite and paragneiss (Plumb and 
Roberts 1992) was rationalised by Rawlings et al (1997) into 
the Melville Bay Metamorphics,  Drimmie Head Granite 
and undivided Bradshaw Complex. The Melville Bay 
Metamorphics comprise granulite-facies metasediments 
in the northern Arnhem Province whilst the undivided 
Bradshaw Complex comprises amphibolite-facies paragneiss, 
orthogneiss, migmatite and granite. The Drimmie Head 
Granite is interpreted as a syn-metamorphic leucogranite 
derived, in part, from the inhomogeneous melting of the 
Melville Bay Metamorphics (Rawlings et al 1997). 

At ca 1870–1860 Ma, high-T, low-P metamorphism 
of the sedimentary protolith to metasedimentary rocks 
of the Arnhem Province and subsequent partial melting 
produced regionally extensive garnet-cordierite-bearing 
granites. Exposures of granulite-facies metamorphic rocks 
are restricted to an elongate, northeast-trending belt in the 
Port Bradshaw area (Figure 1d), several outcrops scattered 
across Gove Peninsula, and the north-south oriented 
Mirarrmina Inlier in the Walker Fault Zone west of the 
Mitchell Ranges (Figure 1b). The lithologies comprise 
variably deformed granulite-facies, migmatitic para- and 
orthogneisses, and interpreted anatectic S-type granites, all 
of them usually garnet- and/or cordierite-bearing. Tectonic 
activity at this time is recognised across the northern NAC 
and includes the ca 1871–1857 Nimbuwah Event in the 
Pine Creek Orogen (Hollis and Glass 2012, Ahmad and 
Hollis 2013), and the ca 1870–1850 Ma Hooper Orogeny 

in the Halls Creek Orogen (Tyler et al 2012, Ahmad and 
Scrimgeour 2013).

At ca 1837–1833 Ma, all lithologies were intruded by 
a suite of  fayalite-biotite-bearing A-type granites (Giddy 
Suite), which were interpreted to have been emplaced at 
shallow crustal levels, possibly in response to incipient 
melting of accreted mafic material at the base of the 
continental crust (Rawlings et al 1997). Small occurrences 
of quartzite, metasandstone and rhyolite are reported from 
the Coast Range and north-western Arnhem Province 
(Figure 1c, d; Rawlings et al 1997), though how they relate 
to the other lithologies remains to be determined.

The Mirarrmina Inlier is interpreted to represent the 
western-most extent of the Arnhem Province. It comprises 
metamorphic and anatectic granitoid and metasedimentary 
rocks potentially equivalent to those exposed ~150 km 
further east and northeast (Rawlings et al 1997). No new 
mapping has been undertaken to date; this area will be a 
focus of field investigations in 2015.

New findings

Grindall Formation: siliciclastic sequence in the southern 
Arnhem Province

The Grindall Formation (redefined ‘Grindall Metamorphics’ 
of Plumb and Roberts, 1992) is only exposed in the Blue 
Mud Bay area of the Arnhem Province (Figure 1c). It 
comprises steeply dipping to subvertical, interlayered, 
metre- to decimetre thick beds of fine-grained sand-, silt- 
and mudstone (Figure 2). The best exposures of the Grindall 
Formation are on Morgan Island expressed as coastal cliffs 
and intratidal platforms. It is thought that the total thickness 
of the sequence is in excess of 1000 m, and that it represents 
a turbidite sequence which was deposited in a broad, at 
times deep and rapidly subsiding marine basin (Haines 
et al 1999). Mainland exposures in the Coast Range area 
(Figure 1c) may represent more proximal facies, and are 
locally contact metamorphosed (Rawlings et al 1997, Haines 
et al 1999). Exposures on Morgan Island also preserve key 
relationships between the Grindall Formation and intruding 
fayalite-biotite granite. Both are unconformably overlain by 
flat-lying Woodah Sandstone of the Groote Eylandt Group 
of the McArthur Basin. In south-eastern Morgan Island, 
unmetamorphosed sedimentary layering is overprinted by 
upright, east-northeast plunging open folds.

New SHRIMP U-Pb zircon age5 determinations on a 
sample of the Grindall Formation yielded detrital zircon 
ages ranging between ca 3458 and 1891 Ma with a dominant 
age population at ca 2070 Ma and subordinate populations 
at ca 2188 and 1995 Ma, and extending into the Archaean. 
The youngest three grains yield a maximum depositional 
age of 1934 ± 47 Ma (Kositcin and Kraus in prep c) and a 
minimum age for the timing of deposition is constrained 
by the intrusion of a ca 1835 Ma fayalite-biotite granite. 

5 All ages were determined using the SHRIMP 207Pb/206Pb zircon 
method with uncertainty quoted at the 2σ level unless otherwise 
stated.
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Figure 1. Preliminary, simplified geological maps of the 
Paleoproterozoic Arnhem Province showing (a) location 
within the North Australian Craton, above dashed line, 
(b) location of the main basement outcrop areas within 
eastern Arnhem Land, (c) outcrop distribution around Blue 
Mud Bay, and (d) updated schematic geological map of the 
area between Melville Bay and Blue Mud Bay.
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Dating of zircon from the Woodah Sandstone yielded a 
maximum depositional age of 1816 ± 10 Ma and dominant 
detrital age populations show very little overlap with those 
of the Grindall Formation (Kositcin and Whelan in prep d) 
suggesting the latter was unlikely to have been an important 
source for detritus during the deposition of the Groote 
Eylandt Group.

Granulite-facies metamorphic rocks 

Granulite-facies metasedimentary and metaigneous 
migmatitic rocks (formerly Bradshaw Complex) occur on 
Gove Peninsula and in an elongate, north-east striking 
belt in the northern part of the Arnhem Province, between 
Cape Arnhem and the area northwest of Port Bradshaw 
(Figure 1d). Previous studies have interpreted that at least 
those lithologies with a sedimentary protolith may represent 
high-grade equivalents to the largely unmetamorphosed 
Grindall Formation. New mapping has resulted in 
the identification of two distinct units: (1) migmatitic 
orthogneiss that outcrops in the Wonga Creek area, and 
(2) metasedimentary migmatite of the Melville Bay 
Metamorphics. Due to a paucity of outcrop, the contact 
and relative timing relationships between metaigneous 
basement and metasedimentary rocks of the Melville Bay 
Metamorphics remain unclear.

Migmatitic orthogneiss
In the Wonga Creek area (Figure 1d) outcrops of 
migmatitic orthogneiss form part of an east-northeast 
trending belt of previously undifferentiated, relatively 
homogeneous orthogneiss and migmatite, which have 
been identified as far east as Cape Arnhem. Gneisses 
comprise biotite-K-feldspar-plagioclase-quartz ± garnet. 
Garnet is surrounded by biotite selvages, sometimes also 
containing sillimanite. New U-Pb zircon dating yielded a 
crystallisation age of 1879 ± 5 Ma interpreted to represent 

the timing of emplacement of the igneous protolith to the 
gneiss, making it the oldest known intrusive unit of the 
Arnhem Province (Kositcin and Whelan in prep c). The 
main gneissic foliation is overprinted by parasitic tight 
folds; it remains to be tested whether the development 
of main gneissosity and folding are part of progressive 
deformation or two discrete events.
 
Melville Bay Metamorphics
The Melville Bay Metamorphics comprise interlayered 
garnet-biotite-plagioclase-quartz ± cordierite migmatite, 
quartzite and metasiltstone, and preserve evidence for 
high-T, low-P granulite-facies metamorphism. Migmatite 
contains extensive cordierite and garnet-bearing leucosome 
at Wargarpunda Point on Gove Peninsula (Figure 1d, 
Figure 3). The protolith of this migmatite is interpreted 
as a sequence of metagreywacke and metasandstone 
interlayered at the decimetre- to metre-scale. Similar rock 
types are exposed at the coast east of Yirrkala and at Cape 
Arnhem (Figure 1d). Compositional layering is interpreted 
to reflect original sedimentary bedding in the protolith and 
is overprinted by a layer-parallel grain shape foliation.

Centimetre-scale garnet and cordierite surrounded by 
1–2 cm leucocratic quartz-feldspar rims are interpreted 
as sites of partial melt formation. Garnet and cordierite in 
the neosome of the migmatite are commonly cm-sized and 
feature biotite rims, with some garnets containing internal 
biotite rims and outer garnet mantles, and some garnet 
being mantled by cordierite, suggesting post-melt-formation 
decompression.

At Cape Arnhem, migmatite preserves melt reaction 
microstructures including extensive nebulitic textures and 
leucosome-hosted garnet and cordierite that are interpreted 
as solid products of a melt forming reaction. Garnets and 
cordierites similar to those observed as peritectic phases 
formed during partial melting, are observed extensively 
in both leucocratic layers and accumulations of granitic 

Figure 2. The steeply dipping, 
decimetre- to metre-bedded, folded 
siliciclastic sequences of the Grindall 
Formation in south-eastern Morgan 
Island (Blue Mud Bay). 
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material; we interpret these garnets and cordierites within 
the leucosomes and within the accumulated granite to have 
originated during partial melting and been transported 
during melt migration.

Key field relationships are preserved in an abandoned 
quarry on Drimmie Head Peninsula, beach exposures 
at Wargarpunda Point and at the coast east of Yirrkala 
(Figure 1d). The leucosome typically forms a network 
of former melt veins that preserve evidence for transport 
of melt from sites of partial melting to zones of melt 
accumulation up to several metres wide. Centimetre-
scale leucocratic bands are observed parallel to the main 
foliation, cross-cutting melanocratic layers, brecciating 
quartz-rich layers and accumulating into metre-scale 
bands of granite that are interpreted as the source of the 
Drimmie Head Granite.

SHRIMP U-Pb zircon dating of samples of garnet-biotite-
plagioclase-quartz ± cordierite migmatite and quartzite 
from Gove Peninsula yielded maximum depositional ages 
of  1883 ± 9 and 1894 ± 6 Ma respectively (Kositcin and 
Kraus in prep d, Kositcin and Reno in prep). Ages obtained 
from metamorphic zircon rims yield an age of 1860 ± 5 Ma, 
interpreted to reflect timing of high-grade metamorphism of 
the sedimentary protoliths to metasedimentary and granitic 
migmatites (Kositcin and Reno in prep).

Cordierite- and/or garnet-bearing, locally foliated S-type 
granites

Cordierite and garnet-bearing biotite S-type granites are 
exposed on Bremer Island, Gove Peninsula, around Melville 
Bay and as part of a northeast-trending belt between Dalywoi 
and Caledon bays (Figure 1d). They include the Drimmie 
Head Granite, the informally named Bawaka granite in the 
southern Port Bradshaw area and a number of unnamed 
intrusions, all previously mapped as undivided Bradshaw 
Complex (Pietsch et al 1997). Their S-type mineralogy 

and the ubiquitous occurrence of metasedimentary 
xenoliths of similar composition to metamorphic rocks of 
the Melville Bay Metamorphics and the sandstone of the 
Grindall Formation led to interpretations that attributed 
their formation to varying degrees of in situ partial melting 
of a proximal (meta-) sedimentary protolith (Haines et al 
1999, Rawlings et al 1997). Clear field relationships at 
Wargarpunda Point and Cape Arnhem (Figure 1d) indicate 
granite formation was syn- metamorphism and that the 
migmatites of the Melville Bay Metamorphics are at least in 
part the source of the S-type granites. 

S-type granites of the Arnhem Province are medium- to 
coarse-grained, equigranular to porphyritic and comprise 
garnet, cordierite, biotite, K-feldspar, plagioclase and quartz. 
Muscovite is rare to absent. Garnet and cordierite vary 
considerably in both size and abundance and in some cases are 
absent; phenocrysts of both phases range up to 5 cm in diameter, 
biotite rims are common and garnet rarely mantles cordierite. 
K-feldspar is locally megacrystic. Southwest of Port Bradshaw 
(Figure 1d), garnet is absent in outcrops of the informally 
named Bawaka granite in a ~10 km wide area, and the 
occurrence of cordierite seems to be intimately associated with 
the presence of metasedimentary xenoliths. This variation in 
mafic mineralogy on the km-scale may be evidence for a large-
scale zoned pluton in that area. Considering the geographic 
distribution, the centre of the pluton seems to be located in the 
area of southern Port Bradshaw, coinciding with the location 
of the most extensive outcrops. S-type granites range in 
composition from granodiorite to granite (corresponding to a 
range in SiO2 from 68.6–75.0 wt%, Figure 4) and are weakly 
to strongly peraluminous (Aluminium Saturation Index (ASI) 
> 1, Figure 5). 

Granites of similar age to the S-Type intrusive rocks 
of the Arnhem Province comprise the ca 1870–1855 Ma 
Nimbuwah Complex in the Nimbuwah Domain of the 
Pine Creek Orogen. However, the bimodal nature, I-type 
compositions and evidence for juvenile mantle-derived 

Figure 3. Migmatitic, granulite-
facies metasedimentary sequence of 
the Melville Bay Metamorphics at 
Wargarpunda Point (northern Gove 
Peninsula). Layer parallel and cross-
cutting leucosome is interpreted to have 
formed in situ.
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sources in the Nimbuwah Complex indicate that these rocks 
are derived from different sources.

Metasedimentary and mafic xenoliths are common in 
S-type granites (Figure 6). Up to metre-sized, typically 
elongated xenoliths of fine grained metasandstone are 
common, often with well-preserved sedimentary layering, 
as are locally abundant smaller mafic xenoliths. In the 
informally named Bawaka granite, six lithologically 
different restite and xenolith types were identified. 

S-type granites show a locally developed magmatic 
flow banding defined by aligned K-feldspar, the orientation 
of which often bends around xenoliths and varies between 

outcrops. Evidence for overprinting deformation is locally 
preserved as a feldspar-biotite grain shape foliation, which 
has an orientation consistent with the main foliation in the 
Melville Bay Metamorphics.

New SHRIMP U-Pb zircon dating of a sample of the 
Drimmie Head Granite yielded a magmatic crystallisation 
age of 1862 ± 4 Ma (Kositcin and Kraus in prep b). This is 
within error of the 1867 ± 12 Ma age reported by Rawlings 
et al (1997). These ages are also consistent with those 
reported for new metamorphic zircon growth in quartzite 
and garnet-cordierite-bearing migmatite of the Melville 
Bay Metamorphics (Kositcin and Kraus in prep d, Kositcin 
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Figure 4. Chemical classification and nomenclature of plutonic 
rocks from the Arnhem Province using total alkali vs silica. The 
curved solid line subdivides the alkaline from subalkaline rocks. 
Except for two diorites (xenoliths), all other samples are broadly 
granitoid in composition. Diagram after Cox et al (1979), adapted 
by Wilson (1989).

Figure 5. Alumina saturation in igneous rocks (ASI index), 
illustrating that the vast majority of the Arnhem Province’s 
magmatic units are peraluminous, most of them even strongly 
peraluminous. Diagram after Barton and Young (2002).

Figure 6. Xenolith/restite-rich S-type 
granite (informally named Bawaka 
granite) at Yalanbara Peninsula, 
east from Port Bradshaw. This is an 
equigranular, medium grained biotite 
granite; the xenoliths include fine 
grained metasandstone, fine grained 
mafic rock, biotite-garnet-quartz-
feldspar schist and fine grained biotite 
gneiss.
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and Reno in prep). Dating of zircon from a sample of the 
Bawaka granite yielded a crystallisation age of 1871 ± 3 Ma 
(Kositcin and Kraus in prep a). The mineralogical 
characteristics and the occurrence and type of xenoliths/
restites may indicate a close genetic relationship between 
the Drimmie Head and Bawaka granites. However, the 
slightly younger age of the Drimmie Head Granite could 
either indicate that two subsequent thermal events caused 
melting of the same protolith at different times, or that 
different batches of granitic melt were produced during one, 
prolonged thermal event.

Giddy Suite: Fayalite-biotite-bearing A-type granites

The youngest units of the Arnhem Province are granites 
of the Giddy Suite, comprising fayalite-biotite-bearing 
intrusions of the Giddy, Garrthalala, Bukudal and 
Dhalinybuy granites (Rawlings et al 1997, Haines et al 
1999). A-type granites are exposed throughout the spatial 
extent of the Arnhem Province with the exception of 
Gove Peninsula (Figure 1c, d). In contrast to the older 
stratigraphic units, these granites have not experienced 
post-emplacement tectonism or metamorphism. This, along 
with the absence of metasedimentary xenoliths, cordierite 
or garnet, distinguishes these granites from the older S-type 
granites. While no evidence of significant post emplacement 
tectonism has been identified in granites of the Giddy Suite, 
locally preserved alignment of K-feldspar phenocrysts in the 
Giddy Granite may represent magmatic flow banding. The 
Giddy Granite is also overprinted by spaced cleavage which 
may reflect upper crustal deformation during exhumation 
of the terrane.

Granites of the Giddy Suite are variably exposed as 
boulders, tors and pavements, and range from relatively 
fresh along the coast (Bukudal Granite) to intensely 
weathered further inland in densely forested terrain 
(Dhalinybuy, Giddy and Garrthalala granites). The granites 
of this suite are typically medium- to coarse-grained and 
equigranular to porphyritic. In contrast to the other fayalite-
biotite granites, the Garrthalala Granite is finegrained 
and distinguished by a rusty red-brown weathering crust. 
Fayalite is ubiquitous throughout all plutons, and biotite 
occurs both within the groundmass and as the result of 
fayalite breakdown. In the Bukudal Granite, fayalite occurs 
as sub-centimetre, blackish (rusty-brown when altered), 
an- to euhedral crystals that occasionally enclose small 
grains of quartz and feldspar. Conspicuous, cm-sized reddish 
spots consisting of Fe-stained feldspar often surround 
fayalite and small mafic xenoliths (Figure 7) or occur along 
joints. These features suggest post-magmatic mobilisation 
of Fe, liberated from the break-down of fayalite and/or 
mafic xenoliths. Furthermore, the presence of miarolitic 
cavities in the voluminous Bukudal Granite, sub-volcanic 
textures, and megacrystic (<15 cm length) resorbed, zoned 
K-feldspar in the Giddy Granite (Figure 8) indicate that 
these granites were emplaced at relatively high levels in the 
crust. Intrusions of the Giddy Suite range in composition 
from granite to transitional alkali granite, corresponding to 
a range in SiO2 from 67.3 to 78.8 wt%. However, the higher 

values may be indicative of post emplacement silicification/
alteration. The granites are peraluminous with the two most 
felsic samples ranging up to ASI >> 3, though this may be 
the result of remobilisation of alkalis during alteration and 
breakdown of biotite and feldspars (Figure 5).

New SHRIMP U-Pb zircon dating of samples from the 
Giddy and Bukudal granites yielded magmatic crystallisation 
ages of 1829 ± 5 Ma and 1824 ± 5 Marespectively (Kositcin 
and Whelan in prep a, Kositcin and Whelan in prep b). These 
ages are identical within error or only slightly younger than 
those reported in previous studies (1837 ± 4 Ma, Bukudal 
Granite; 1836 ± 4 Ma, Giddy Granite; 1833 ± 3 Ma, 
Garrthalala Granite; Rawlings et al 1997). In the north-
western Arnhem Province in arnhem Bay (Figure 1d), the 
Dhalinybuy Granite is unconformably overlain by rhyolite 
of the Yanungbi Volcanics of the Spencer Creek Group 
(McArthur Basin). New SHRIMP U-Pb zircon dating of this 
porphyritic rhyolite yielded a magmatic crystallisation age 
of 1712 ± 5 Ma (Kositcin and Whelan in prep e). This felsic 
volcanic succession is interpreted to be coeval and possibly 
comagmatic with the Latram Granite, which intrudes the 
Giddy Granite and was previously dated at 1712 ± 10 Ma 
(Rawlings et al 1997).

At several locations, the Giddy Granite is intruded by 
thin (<1 m), discontinuous (< 15m) dykes and small irregular 
intrusions, comprising microcrystalline to fine grained, 
equigranular biotite (± hornblende?) microgranite. Dykes 

Figure 7. Bukudal Granite, a member of the fayalite-biotite 
bearing Giddy Suite of A-type granites. The conspicuous red spots 
consist of Fe-stained feldspar located around cm-sized crystals of 
fayalite and/or small mafic xenoliths. The fayalite and/or mafic 
rock are the likely source of the Fe.
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strike roughly N-S and are sometimes displaced laterally. It 
remains to be tested whether this microgranite represents a 
late-stage phase of the host granite, a small-scale intrusive 
equivalent of the younger Latram Granite, or a separate 
unrecognised magmatic event. The Garrthalala Granite has 
been described as being intruded by microgranite, aplite, 
rhyolite sills and dykes, and as having a sharp (intrusive?) 
contact with the Bukudal Granite (Rawlings et al 1997).

Significance of A-type granites in the Arnhem Province

Fayalite-bearing granites are relatively rare and their 
presence in the Arnhem Province along with rare phases of 
the Tennant Creek Granite (e.g. Donnellan 2013) represents 
the only currently documented occurrences in the North 

Australian Craton. Fayalite-bearing granites are typically 
attributed to anorogenic or alkaline magmatic complexes, 
usually in an intraplate setting. They are thought to be closely 
related to rapakivi A-type granites and are commonly found 
in Precambrian terranes (Vásquez and Franz 2008). Fayalite 
occurs in granites that crystallized from H2O-poor magma 
at low oxygen fugacity (fO2), and they usually contain 
ilmenite but not magnetite (Kemp 2005). The most useful 
oxygen buffer for granitic rocks is the fayalite-magnetite-
quartz (FMQ) reaction. The coexistence of ilmenite with 
fayalite and quartz and the absence of magnetite in fayalite 
granites suggest fO2 conditions below this FMQ buffer. The 
typically medium grain size, the presence of miarolitic 
cavities and occurrence of magmatic breccias all indicate 
shallow-level crystallization for this type of granite. Several 
of these features are observed in the granites of the Giddy 
Suite. 

There are two main models invoked for the formation 
of fayalite-bearing granites: (1) derivation from a 
primitive tholeiitic source; (2) derivation from high-
temperature (>900°C) partial melting of granulite-facies 
metasedimentary rocks caused by mafic underplating 
(Huang et al 2011). Either model would have important 
implications for the fayalite granites of the Giddy Suite. The 
Giddy Suite granites are mostly peraluminous, and rarely 
also metaluminous (Figure 5). All granites belonging to the 
fayalitebearing Giddy Suite classify as A-type granites.

Sedimentary and metasedimentary rocks of the Arnhem 
Province vary considerably from wackes, shales and 
litharenites to Fe-shales and Fe-sands (Figure 9). The Fe-rich 
varieties in particular may represent a potential source for the 
fayalite which is common in the Giddy Suite granites. Such a 
model remains to be tested for the Arnhem Province granites.

Change in metamorphic grade across the Arnhem 
Province and implications for the protolith of Melville 
Bay Metamorphics and S-type granites

Metamorphic grade varies considerably across the 
Arnhem Province, from the largely unmetamorphosed 
Grindall Formation in the south to the granulite-facies 
metasedimentary-migmatitic rocks of the Melville Bay 
Metamorphics in the north. If the Grindall Formation 
represents an unmetamorphosed equivalent of the Melville 
Bay Metamorphics, this implies either of two possible 
tectonic scenarios: (1) the higher metamorphic grade in the 
north may be the result of greater depth of burial and/or a 
more strongly elevated geotherm at 1870-1860 Ma; or (2) a 
so far unrecognised regional-scale structure juxtaposes 
granulite facies rocks in the north against unmetamorphosed 
rocks in the south.

Except for the Giddy Suite, all other magmatic units 
in the Arnhem Province contain abundant xenoliths of 
different lithologies; fine-grained metasandstone is the 
most common and widespread. The protolith of the Melville 
Bay Metamorphics is likely a package of siliciclastic 
sediments comprising fine-grained sandstone, greywacke 
and intercalated silt- and mudstones. Melting of a similar 
protolith to produce the S-type granites of the region is 
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Figure 8. Giddy Granite, a strongly weathered member of the 
fayalite-bearing, A-type Giddy Suite. The partially resorbed 
feldspar megacrystals are up to dm-sized.

Figure 9. Geochemical classification of terrigenoussands and 
shales from the Arnhem Province. The Fe-shales and Fe-sands 
may represent a source for iron in producing the fayalite in the 
A-type granites. Diagram after Herron (1988).
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in part corroborated by the ubiquitous metasedimentary 
xenoliths observed in the S-type granites and the migmatite 
of the Melville Bay Metamorphics as well as their similar 
mineralogy (garnet- and cordierite-dominated).

Given its similar lithology, the deformed but largely 
unmetamorphosed Grindall Formation may represent 
a potential candidate for a protolith. However, new 
U-Pb zircon age data show differences in provenance 
between the Grindall Formation and the Melville Bay 
Metamorphics. Notably, the dominant age maxima in the 
Grindall Formation are ca 2070 and 2188 Ma, but these ages 
form minor components or are absent in the Melville Bay 
Metamorphics. Although this does not preclude the two 
units from being correlatives (given the possibility of lateral 
variations in available detrital sources), further isotopic 
information is required in order to determine the precise 
relationship between them. Detrital zircon provenance 
studies on metasedimentary xenoliths present in the 
S-type granites may assist in constraining their source. 
Furthermore, both the Grindall Formation and the Melville 
Bay Metamorphics yield maximum depositional ages and 
detrital spectra that vary from that of typical NAC signature 
which is characterised by a dominant 1870–1860 Ma peak. 
Maximum depositional ages for the Grindall Formation 
and the Melville Bay Metamorphics range between 
1934 ± 47 Ma and 1884 ± 9, 1895 ± 6 Ma, respectively. 
Coupled with distinct variations of age populations between 
ca 2200 and 1900 Ma, this suggests that the sedimentary 
protoliths to these rocks are not age correlatives of the 
Cosmo Supergroup in the Pine Creek Orogen.

Furthermore, neither the Grindall Formation nor 
the Melville Bay Metamorphics contain ca 2520 Ma 
detrital zircons that are typically present throughout 
metasedimentary rocks of the Pine Creek Orogen, Tanami 
and Arunta regions (Beyer et al 2012), and are interpreted to 
be derived from what was a contiguous Archean basement 
to the NAC. This Archean basement is now represented by 
small inliers in the Pine Creek Orogen and in the Tanami 
Region (Hollis and Glass 2012, Kositcin et al 2013, Whelan 
et al 2014). 

Future Work

In 2015 the NTGS will focus on mapping the western- and 
southern-most exposures of the Arnhem Province in the 
Walker Fault Zone and around Blue Mud Bay. Future work will 
also include acquiring additional geochemical and isotopic 
data to investigate the lithological similarities between the 
ubiquitous xenoliths in the S-type granites and their potential 
provenance sources (the Grindall Formation, the Melville 
Bay Metamorphics, or a thus far unrecognised source). 
In situ isotopic techniques will be crucial in understanding 
the sources for fayalite-bearing A-type granites exposed 
throughout the province and will also provide insight into 
the nature of the lithosphere beneath the Arnhem Province 
at ca 1835 Ma. Thermochronology and pressure-temperature 
analyses of key metamorphic assemblages will be undertaken 
to constrain the tectonothermal evolution and timing of 
exhumation of the terrane.

References

Ahmad M and Hollis JA, 2013. Chapter 5: Pine Creek Orogen: 
in Munson TJ and Ahmad M (compilers) ‘Geology and 
mineral resources of the Northern Territory’. Northern 
Territory Geological Survey, Special Publications 5.

Ahmad M and Munson TJ, 2013. Chapter 6: Arnhem 
Province: in Munson TJ and Ahmad M (compilers) 
‘Geology and mineral resources of the Northern 
Territory’. Northern Territory Geological Survey, 
Special Publications 5.

Ahmad M and Scrimgeour IS, 2013. Chapter 7: Halls 
Creek Orogen: in Munson TJ and Ahmad M (compilers) 
‘Geology and mineral resources of the Northern 
Territory’. Northern Territory Geological Survey, 
Special Publications 5.

Barton MD and Young S, 2002. Non-pegmatitic deposits 
of beryllium: mineralogy, geology, phase equilibria 
and origin: in Grew ES (editor) ‘Beryllium: mineralogy, 
petrology and geochemistry.’ Reviews in Mineralogy 
and Geochemistry 50.

Beyer EE, Hollis JA, Whelan JA, Glass LM, Donnellan N, 
Yaxley GM, Armstrong RA, Allen C and Scherstén A, 
2012. Summary of results. NTGS laser ablation ICPMS 
and SHRIMP U-Pb, Hf and O geochronology project: 
Pine Creek Orogen, Arunta Region, Georgina Basin 
and McArthur Basin, July 2008 – May 2011. Northern 
Territory Geological Survey, Record 2012-007.

Cox KG, Bell JD and Pankhurst RJ, 1979. The interpretation 
of igneous rocks. Allen and Unwin, London.

Donnellan N, 2013. Chapter 9: Warramunga Province: in 
Munson TJ and Ahmad M (compilers) ‘Geology and 
mineral resources of the Northern Territory’. Northern 
Territory Geological Survey, Special Publication 5.

Haines PW, Rawlings DJ, Sweet IP, Pietsch BA, Plumb 
KA, Madigan TL and Krassay AA, 1999. Blue Mud 
Bay, Northern Territory. 1:250 000 geological map 
explanatory notes, SD 53-7. Northern Territory 
Geological Survey, Darwin.

Herron MM, 1988. Geochemical classification of terrigenous 
sands and shales from core or log data. Journal of 
Sedimentary Petrology 58 820–829.

Hollis JA and Glass LM, 2012. Howship and Oenpelli, 
Northern Territory. 1:100 000 geological series, 
explanatory notes sheets 5572, 5573. Northern Territory 
Geological Survey. Darwin.

Huang H, Li X, Li W and Li Z, 2011. Formation of high 18O 
fayalite-bearing A-type granite by high-temperature 
melting of granulitic metasedimentary rocks, southern 
China. Geology 39(10), 903–906.

Kemp A, 2005. Igneous Rocks - Granite: in Selley RC, 
Cocks L, Robin M and Plimer IR (editors) ‘Encyclopedia 
of Geology’ Elsevier 233-247.

Kositcin N, Beyer EE, Whelan JA, Close DF, Hallett L and 
Dunkey DJ, 2013. Summary of results. Joint NTGS–GA 
geochronology project: Arunta Region, Ngalia Basin, 
Tanami Region and Murphy Province, July 2011 – June 
2012. Northern Territory Geological Survey, Record 
2013-004.



66

AGES2015

Kositcin N and Kraus S, in prep a. Summary of results. 
Joint NTGS-GA SHRIMP geochronology project: the 
Bawaka granite, Arnhem Province. Northern Territory 
Geological Survey, Darwin.

Kositcin N and Kraus S, in prep b. Summary of results. 
Joint NTGS-GA SHRIMP geochronology project: the 
Drimmie Head Granite, Arnhem Province. Northern 
Territory Geological Survey, Darwin.

Kositcin N and Kraus S, in prep c. Summary of results. 
Joint NTGS-GA SHRIMP geochronology project: 
the Grindall Formation, Arnhem Province. Northern 
Territory Geological Survey, Darwin.

Kositcin N and Kraus S, in prep d. Summary of results. 
Joint NTGS-GA SHRIMP geochronology project: 
the Melville Bay Metamorphics. Northern Territory 
Geological Survey, Darwin.

Kositcin N and Reno BL, in prep. Summary of results. Joint 
NTGS-GA SHRIMP geochronology project: Melville 
Bay Metamorphics, Arnhem Province. Northern 
Territory Geological Survey, Darwin.

Kositcin N and Whelan JA, in prep a. Summary of results. 
Joint NTGS-GA SHRIMP geochronology project: 
Bukudal Granite, Arnhem Province. Northern Territory 
Geological Survey, Darwin.

Kositcin N and Whelan JA, in prep b. Summary of results. 
Joint NTGS-GA SHRIMP geochronology project: 
Giddy Granite, Arnhem Province. Northern Territory 
Geological Survey, Darwin.

Kositcin N and Whelan JA, in prep c. Summary of results. 
Joint NTGS-GA SHRIMP geochronology project: 
unnamed garnet-biotite gneiss, Arnhem Province. 
Northern Territory Geological Survey, Darwin.

Kositcin N and Whelan JA, in prep d. Summary of results. 
Joint NTGS-GA SHRIMP geochronology project: 
Woodah Sandstone, Groote Eylandt Group, McArthur 
Basin. Northern Territory Geological Survey, Darwin.

Kositcin N and Whelan JA, in prep e. Summary of results. 
Joint NTGS-GA SHRIMP geochronology project: 
Yanungbi Volcanics, Spencer Creek Group, McArthur 
Basin. Northern Territory Geological Survey, Darwin.

Pietsch B, Rawlings D, Haines P and Madigan T, 1997. 
Arnhem Bay/Gove, Northern Territory. 1:250 000 
geological map series, SD 53-3, 53-4. Northern 
Territory Geological Survey, Darwin.

Pietsch BA, Rawlings DJ, Haines PW and Madigan TL, 
1998. Blue Mud Bay Northern Territory. 1:250,000 
geological map series, SD 53-7. Northern Territory 
Geological Survey. Darwin.

Plumb KA and Roberts HG, 1992. The Geology of Arnhem 
Land, Northern Territory. Record 1992/055. Bureau 
of Mineral Resources, Geology and Geophysics, 
Canberra. 

Rawlings D, Haines P, Madigan T, Pietsch B, Sweet 
I, Plumb K and Krassay AA, 1997. Arnhem Bay/
Gove, Northern Territory. 1:250 000 geological map 
explanatory notes SD 53-3, 53-4. Northern Territory 
Geological Survey, Darwin.

Tyler IM, Hocoking RM and Haines PW, 2012. Geological 
evolution of the Kimberley region of Western Australia. 
Episodes 35 298–306.

Vásquez P and Franz G, 2008. The Triassic Cobquecura 
Pluton (Central Chile): an example of a fayalite-bearing 
A-type intrusive massif at a continental margin. 
Tectonophysics 459(1–4), 66–84.

Whelan JA, Woodhead JD and Cliff J, 2014. Zircon 
SHRIMP U-Pb, SIMS O and LA-ICPMS Hf isotopic 
data for granitic gneiss of the Billabong Complex, 
Tanami Region. Northern Territory Geological Survey, 
Record 2014-002.

Wilson M, 1989. Igneous petrogenesis. Chapman and 
Hall, London.

Iron Blow and Mount Bonnie base metals exploration
Andy Bennett1

1 Phoenix Copper Limited. Level 1, 135 Fullarton Road, Rose 
Park, SA 5067. 

The Mount Bonnie and Iron Blow deposits are 
polymetallic stratabound sulfide deposits located 150 km 
southeast of Darwin in the Pine Creek region.  They were 
discovered about 1873 but have undergone a long history 
of exploration and mining under numerous owners.  Near 
surface mineralisation was mined in the mid-1980s from 
small open pits in the oxide zones, primarily for the gold 
and silver content.  The deeper sulfide bodies remain 
untouched.  

Both deposits are hosted within the basal sediments 
of the Mount Bonnie Formation, close to the underlying 
contact with the Gerowie Tuff (Figure 1).   They are 
believed to be volcanogenic massive sulfide (VMS) 
deposits formed at or near the sea floor by submarine felsic 
volcanic activity.  Fumarolic activity circulated metal-rich 

hydrothermal fluids into the local sediments, which were 
deformed at ca 1875 Ma, creating open upright folds which 
strike approximately north-south.  Both deposits have 
been dismembered by east-west trending cross faults and 
sheared by thrust faults along bedding planes.  The massive 
sulphides bodies that host mineralisation represent ductile 
boudins in the more brittle enclosing sedimentary package.

Phoenix Copper Limited (ASX:PNX) commenced 
exploration in the area in late 2014 following completion 
of an agreement to purchase the Iron Blow and Mount 
Bonnie deposits, and entering into a farm-in agreement 
over considerable exploration tenure with Crocodile 
Gold Australia Pty Ltd.  The immediate strategy for 
Phoenix Copper is to explore for extensions to the known 
mineralisation and build a resource base that could underpin 
a base and precious metals operation.  To date this work 
has included an updated mineral resource estimate for 
the Iron Blow deposit (reported according to JORC Code 
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Figure 2.  Schematic 
cross section through 
the Iron Blow deposit

2012), independent structural analysis, re-interpretation 
of airborne geophysical datasets and the drilling of two 
diamond holes at Iron Blow.

Initial results from Phoenix’s exploration have been 
very encouraging.  The highlight to date has been the 
excellent results from drillhole IBDH023, which intersected 
two massive sulfide zones within the Iron Blow deposit, 
including 50.39 m @ 10.12% Zn, 2.66 g/t Au, 283 g/t Ag, 
0.57% Cu and 1.39% Pb from 155.72 m in the Eastern Lode 
(Figure 2).  Downhole and surface EM will be used to 
target extensions to existing mineralisation at Iron Blow 
and Mount Bonnie and to test other prospective targets in 
the area. This is to be followed up with drill testing of the 
priority areas during the 2015 field season.

Figure 1.  Regional geology of the Iron Blow and Mount Bonnie 
deposits.
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The Onshore Energy Systems Group have undertaken a 
regional study on the prospectivity of the southern Georgina 
Basin, and herein present a synopsis of the initial results 
from this multidisciplinary project.

The Georgina Basin is a Neoproterozoic to lower 
Devonian sedimentary basin covering 325 000 km2 of 
western Queensland and the Northern Territory (Dunster 
et al 2007, Kruse et al 2013, Munson 2014). It is a northwest-
southeast-trending extensional basin where thick marine 
Cambrian and Ordovician sediments are preserved in its 
two southern depocentres, the Dulcie and Toko synclines, 

Geoscience Australia’s activities in the Georgina Basin: a synopsis
Paul Henson1, Bridget Ayling1, Chris Boreham1, Lidena Carr1, Dianne Edwards1,2, Lisa Hall1, John Huntington3, 
John Laurie1, Robbie Morris1, Jane Newman4, Belinda Smith5 and Tegan Smith1

1 Geoscience Australia, Resources Division, Energy Systems 
Group, PO Box 378, Canberra, ACT, 2601, Australia. 

2 Email: Dianne.Edwards@ga.gov.au
3 HyLogging Systems Group, CSIRO Division of Earth Science 

and Resource Engineering (ESRE), North Ryde, NSW, 2113.
4 Newman Energy Research Ltd, 2 Rose Street, Christchurch, 

8025, New Zealand.
5 Northern Territory Geological Survey, Department of Mines 

and Energy, GPO Box 4550, Darwin, NT 0801.

with a thinner succession present in the Undilla Sub-basin 
to the northeast. Within these depocentres, the Thorntonia 
Limestone and Arthur Creek Formation (Figure 1) contain 
potential source rocks (Ambrose et al 2001, Boreham and 
Ambrose 2012). Most of the southern Georgina Basin is 
under license for petroleum exploration, with explorers 
targeting the carbonate-dominated Arthur Creek Formation 
for both conventional and unconventional hydrocarbons.

A data package that includes raw and reprocessed 
HyLogging™ data from 25 wells in the Georgina Basin 
was recently released (Smith and Huntington 2014). The 
HyLogging™ data map the mineralogical variations within 
formations and were used in conjunction with wireline log 
and biostratigraphic data to refine stratigraphic correlation. 
The HyLogging™ data were re-processed using a common 
set of mineral scalars (ie spectroscopic indices) to create an 
internally-consistent, basin-wide dataset. Other datasets, 
including total organic carbon (TOC) content, X-ray 
diffraction (XRD) measurements and biostratigraphy were 
also integrated with the Hylogging™ data. The ‘hot shale’ 

Figure 1. Regional stratigraphy of the southern Georgina Basin (Smith et al 2013). 
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of the Arthur Creek Formation has a characteristic spectral 
response of decreasing albedo and an increased short wave 
infra-red (SWIR) aspectral response with increasing depth 
to the base of the Arthur Creek Formation (Figure 2). 
Both features appear to correlate with increasing core total 
gamma and TOC. These inter-relationships may be used to 
better characterise and identify potential source rock units 
in the basin.

Recent biostratigraphic work has highlighted an age 
discrepancy in the prospective organic-rich ‘hot shale’ in 
the base of the middle Cambrian Arthur Creek Formation 
(Figure 1). This unit is present in the two major southern 
depocentres, the Dulcie and Toko synclines, where it has 
previously been considered as correlative. However, recent 
results suggest that the basal ‘hot shale’ is either significantly 
younger in the Toko Syncline than in the Dulcie Syncline, or 
represents a condensed section in the former.

Middle Cambrian carbon isotope excursions have been 
correlated across a number of Australian basins and can 

be used to test correlative models across the Georgina 
depocentres. High resolution sampling across this middle 
Cambrian section has been carried out in a number of 
wells in the Dulcie Syncline and in the Undilla Sub-basin, 
where the age equivalent Inca Shale is penetrated. Carbon 
isotopes from organic carbon (kerogen) as well as carbon 
and oxygen isotope ratios of four carbonate mineral phases 
(calcite, ankerite, dolomite and siderite) were analysed 
and these data are compared with existing carbon isotope 
stratigraphy published from neighboring wells (Donnelly 
et al 1988, Lindsay et al 2005, Creveling et al 2013). Initial 
results corroborate the new biostratigraphic interpretation.

Burial history models suggest that significant 
hydrocarbon generation occurred from the Arthur Creek 
Formation during the Silurian-Devonian when burial depth 
was at a maximum, however both the amount of erosion 
and palaeo-heat flow variations are largely unconstrained. 
To assist with model calibration, geochemical (Tmax 
from Rock-Eval pyrolysis) and petrographic (vitrinite 

Figure 2. Bottom: HyLogger 
mineralogy in the MacIntyre 1 drillhole 
as indicated in the Short Wave Infra-
red (SWIR) and Thermal Infra-red 
(TIR) wavelengths. Top: Comparison 
of HyLogger spectral properties as 
measured on the MacIntyre 1 core 
(SWIR albedo, aspectral components, 
and carbonate composition) with 
measured gamma and bulk density. The 
aspectral component appears related to 
the carbonate composition (6500 nano-
metre wavelength). 
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inertinite reflectance fluorescence) analyses of organic 
matter from the Arthur Creek Formation have been used to 
determine the thermal maturity on a basin-wide composite 
natural maturity sequence in which the sediments range 
from immature to gas mature. Reflectance data (from 
VIRF analysis) for the sample set exhibit a broadly 
linear relationship with Tmax, similar to the correlation 
observed by Jarvie and Lundell (1991) for Mesozoic marine 
organic matter, although there is significant scatter in this 
relationship at higher maturities (Figure 3). Much of this 
scatter can be attributed to aberrations in Tmax values 
related to the complex S2 profiles controlled by variable 
proportions of bitumen, kerogen and petroleum coke, as 
well as carbonised bitumen and kerogen within the samples 
as they mature. Further generation and modification of 
in-place hydrocarbons is believed to have occurred during 
a petrographically determined high temperature event, as is 
observed from samples taken throughout the Arthur Creek 
Formation in Baldwin 1, which show Tmax values varying 
by as much as 100ºC (Figure 3). 
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The Central Land Council is a statutory Commonwealth 
authority under the Aboriginal Land Rights Act 1976 
(ALRA) and the Native Title Act 1993 (NTA). 

The ALRA has a prescribed process for dealing with 
applications for exploration and mining. The ALRA process 
gives traditional Aboriginal landowners (TOs) the right to 
say yes or no. The NTA is less prescriptive and provides for 
a right to negotiate about future acts but does not include the 
right to say no to exploration.

Time frames for processing vary between the two laws. 
The key factors affecting the time frame for the ALRA 
process include a company’s experience and capacity. 
Communication with the CLC as the representative for the 
traditional aboriginal landowners is essential. The CLC 
plans its annual meeting schedule in December of the year 
prior and resources are booked early.  Poor communication 
can mean delays.

Agreements

There are examples of agreements being formalised between 
a mining company and the CLC in less than 12 months for 
both exploration and mining due to the commitment and 
resolve of the parties.  There are also numerous examples 
where applicants for licences do not have the technical or 
financial capacity to explore or make an agreement even 
though TOs have consented to negotiations and are keen for 
development to proceed.

Agreements provide clear rules on how a project will 
progress, and supports participation by traditional owners/
native holders and companies. The structured engagement 
encourages mutual respectful communication and 
minimises conflict and disputation. Apart from sacred site 
clearances, there are annual liaison meetings where updates 
are given, questions asked, country and drilling sites are 
visited and the relationship is generally strengthened. In this 
way communication is maintained and there are no surprises 
going into a production phase. Employment of TOs on a 
project is a very beneficial outcome for both parties.

Aboriginal people in central Australia have a unique 
association with country through culture - the two are 
inseparable.  People have a cultural obligation to be aware 
of what is happening on the land and are enthusiastic about 
being involved. The CLC agreements capture this dynamic 
and provide for the company’s interests to be safeguarded.  
We have many company representatives say that meetings 
held as a result of the agreements are a personally enriching 
experience.  

Alternatively relationships progressed outside of an 
agreement framework have risk, ie a prospective miner 
may not be talking to the right people, or the singling out 

of individuals can cause conflict between members of a 
group or community. The reputation of the company can 
be damaged and the project placed in jeopardy by poorly 
conceived attempts to work outside established local and 
legal structures. There are national and international 
examples of relationships turned sour and economic 
projects abandoned by mining companies being unaware of, 
or choosing to ignore, traditional decision-making bodies 
and negotiating with individuals who do not have the trust 
or support of their own community.

Sacred sites and culture

Sacred sites are sometimes called cultural or heritage sites, 
or in Pitjantjatjara language miil-miilpa, or in Arrernte 
mweke-mweke.

They may be any sort of physical feature, both 
unremarkable and remarkable: anything from a cave 
with paintings, a group of trees, a stone arrangement or a 
rockhole. They have stories connecting them with other sites: 
sometimes called dreamings, jukurrpa – or song lines. This 
concept was described by Spencer and Gillen in 1899 as long 
distance songs going hundreds or thousands of kilometres, 
passed to different language groups for custodianship along 
the way. The songs are traditional story songs that are sung 
and danced in ceremony and link up the many sacred sites 
along the way. There are morals or laws of behaviour in the 
songs that guide the people.  In this way the shared law is 
written in the ground itself: the places along the story line are 
sacred sites known and visited along the way.

These stories belong to TOs and they can be deeply 
secret and dangerous.  Some may be public and some may 
be gender specific.  It is a matter for TOs as to whether 
they want to reveal any stories or details of stories. They 
may do so to the CLC for the purpose of site protection or 
research or safe keeping but on the basis that information is 
confidential.

In the NT many groups still speak traditional languages 
and adhere to customs involving ceremony, songs, initiation, 
grieving, marriage partners and (mother-in-law) avoidance. 

Land trusts and research

The CLC has been recording information for TOs for more 
than 30 years – in the early days for land claim purposes and 
more recently, for Native Title claims and for development 
proposals.  It is important to note that large tracts of desert 
such as the Petermann, Lake Mackay, Haasts Bluff and 
Central Desert areas (now Aboriginal Land Trusts), were 
handed back without the need  for land claims. Thus research 
on sites and dreamings needs to be done now in relation 
to applications and proposed ground-disturbing activity. 
Some areas have never been subject to exploration in the 
modern era. Research and site mapping in the pre-digital 
era was done using triangulation methods, air photos and 

Mineral  exploration agreements with the Central Land Council
David Young1,2 and Julie-Ann Stoll1,3

1 Central Land Council, Alice Springs. 
2 David.Young@clc.org.au
3 Julie-Ann.Stoll@clc.org.au
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topographic maps so the information has variable accuracy. 
Where possible, sites are revisited with TOs to GPS them 
accurately and nowadays the CLC has a good reputation for 
its mapping capability.

Protection of sites is a statutory function of the CLC under 
the ALRA Act 1976 and applies to both Aboriginal land and 
non-Aboriginal land (s.23c of ALRA). The Territory also has 
legislation covering site protection which derived from the 
ALRA – the NT Sacred Site Protection Act.  

CLC’s system for site protection

The CLC has a comprehensive system to protect sites and 
clearance procedures are included in CLC agreements 
for exploration and mining. As a function of agreements 

regarding exploration and mining, the CLC issues Sacred 
Site Clearance Certificates (SSCC) which approve activities 
proposed in a work program and provide conditions for site 
protection. A CLC SSCC provides protection for a company 
against the risks of site damage if the instructions in the 
SSCC are followed.

The SSCC minimises risk for all parties.  The incidence 
of recorded site damage by companies over more than 30 
years is mainly through unauthorised activity where no 
SSCCs have been sought.

References
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Central Petroleum Limited (“Central”) holds interests 
in an expansive portfolio of exploration interests in the 
Georgina Basin, central Australia (Figure 1). Attention 
to date has focussed on evaluating the unconventional 
potential of the middle Cambrian Arthur Creek Formation, 
but the potential of conventional plays in the basin is not 
discounted.  Regional seismic data were acquired over the 

Toko Syncline in 2013 and two wells were drilled in 2014, 
one of which was extensively cored.

Over the last two years Central and its joint venture 
partner Total SA have supported academic and government 
institutions to conduct research aimed at developing the joint 
venture’s understanding of petroleum systems active in the 
Georgina Basin. This research is helping to unravel some of 
the geological mysteries of this basin, which has not recorded 
commercial exploration success to date despite the presence 
of ubiquitous oil and gas shows in the succession. Research 

Central Petroleum Limited, a company supporting research to unravel geological mysteries in the 
Georgina Basin
Robbert J. Willink1,2

1 Central Petroleum Limited, PO Box 12214, George Street QLD 
4003. 

2 Email: RobbertWillink@centralpetroleum.com.au

Figure 1. Central Petroleum tenements.
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Neoproterozoic evolution of the Amadeus Basin: evidence from sediment provenance and mafic 
magmatism
Verity J Normington1,2, Nigel Donnellan1 and Chris Edgoose1

has focussed on the sequence stratigraphy, biostratigraphy, 
cyclostratigraphy and carbon isotope stratigraphy of the 
Arthur Creek Formation and underlying carbonates that 
are commonly referred to as the Thorntonia Limestone. 
The research also includes study of the organic petrology 
of source rocks in the middle Cambrian succession, the 
geochemistry of oils and source rock extracts, and on the 
geochemistry and temperature history of fluid inclusions in 
diagenetic minerals.

Central’s AGES 2015 presentation will focus on carbon 
isotope profiles that have recently been acquired in new 
wells in the Northern Territory and Queensland. It covers 
how these profiles are casting doubt on the validity of 
historical correlations between the Dulcie Syncline and 
Toko Syncline when compared with existing isotope data; 
and how the profiles allow the correlation of the middle 
Cambrian succession in the southern Georgina Basin with 
that in the northern Amadeus Basin.

The Neoproterozoic to Palaeozoic Amadeus Basin is a large 
(ca 170 000 km2) elongate intracratonic basin in central 
Australia, predominantly in the Northern Territory but 
extending into Western Australia (Figure 1). The basin has 
a protracted history traditionally extending from deposition 
of the Heavitree  and Dean quartzites in the early Cryogenian 
(> 820 Ma) to molasse sedimentation during the Alice 

Springs Orogeny at the end of the Devonian (ca 360 Ma), 
with up to 14 km of succession accumulated locally. The 
geological history is punctuated by a number of significant 
epeirogenic, orogenic and erosional episodes and includes 
a number of unconformities and time breaks of greater or 
lesser regional significance. 

The evolution of the Amadeus Basin can be divided 
into two distinct periods. These correspond with its 
history as successively part of the Centralian A and 
Centralian B superbasins of Munson et al (2013). The 

Figure 1. Generalised geology and major structures of the Amadeus Basin. 

1 Northern Territory Geological Survey, PO Box 8760, Alice 
Springs NT 0871. 

2 Email: verity.normington@nt.gov.au
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first period comprises sedimentation up to the time of 
the late Neoproterozoic/early Cambrian ca 580–530 Ma 
Petermann Orogeny, including orogenic molasse and 
more distal clastic successions deposited during and in 
response to this event.  A depositional hiatus immediately 
following the Petermann Orogeny marks the time 
boundary before the onset of extensive sedimentation 
synchronous with the emplacement of ca 507 Ma (Glass 
et al 2013) Kalkarindji Large Igneous Province during 
the development of the Centralian B Superbasin (Munson 
et al 2013). Sedimentation in this later interval similarly 
closed with molasse deposits, and basin inversion 
associated with the ca 450–300 Ma Alice Springs Orogeny. 
The contemporary margins of the Amadeus Basin are 
consequently structurally controlled with the northern 
margin of the basin influenced by the Alice Springs 
Orogeny, and the southwestern margin a consequence of 
the earlier Petermann Orogeny. 

Major influences on basin initiation and evolution 
during the Neoproterozoic are an interplay of  mafic 
magmatic episodes, orogenic activity, and halotectonism. 
Sediment provenance patterns discussed here are relevant 
to understanding both these major controls on basin 
architecture and shorter-term and possibly more localised 
influences including, for example, isostatic rebound 
following glacial retreat. As summarised here, there is 
a close spatial and temporal relationship between the 
Amadeus Basin and large igneous provinces, the genetic 
implications of which have yet to be fully resolved. 

Neoproterozoic stratigraphy of the northeast Amadeus 
Basin and provenance history 

The excellent exposure of Neoproterozoic succession 
of the Amadeus Basin along the structurally controlled 
northeast margin provides an opportunity to improve our 
understanding of this period of basin history through the 
characterisation of this stratigraphy. The current lack of 
type sections, clear definitions for some units and no formal 
definition of others has necessitated important revisions 
to the stratigraphy (Figure 2). As part of the current 
Northern Territory Geological Survey (NTGS) project 
in the Amadeus Basin, a field-based approach has been 
taken in order to systematically describe, characterise and 
correlate the Neoproterozoic lithostratigraphic units. This 
approach has resulted in either the formalisation of current 
or introduction of new type sections and/or reference areas 
for most units. Also, significant changes to the stratigraphy 
include the proposed upgrading of the Bitter Springs 
Formation and its constituent Gillen, Loves Creek and 
Johnnies Creek members to group and formation status 
respectively, as well as the formalisation of the ‘Finke beds’ 
to the Wallara Formation (Figure 2).

A key part of the stratigraphic characterisation that 
provides insight into basin architecture and palaeogeography 
is the systematic provenance study that has been carried 
out for each of the Neoproterozoic stratigraphic units in the 
northeast of the basin. Provenance patterns primarily using 
detrital U-Pb zircon analyses were determined for the Gillen 
and Johnnys Creek members of the Bitter Springs Formation; 
Areyonga Formation; Limbla Member of Aralka Formation; 
Olympic Formation, Pioneer and Gaylad sandstones; Waldo 
Pedlar and Cyclops members of Pertatataka formation; and 
the Julie Formation. An overview of all the new data acquired 
for the Neoproterozoic succession indicates a dominant trend 
of a primary sediment source from the Arunta Region to the 
north of the basin, with the Musgrave Province to the south 
the next most significant contributor. However preliminary 
investigations indicate that immediately following the two 
major Neoproterozoic glacial episodes, the dominant source 
was temporarily from the south (Musgrave Province) rather 
than the north (Arunta Region). Many units contain small 
populations of late Neoproterozoic zircon (~900–650 Ma) 
that to date do not have an identified source region.

In more detail, sediments deposited from basin 
initiation until prior to the end of the Sturtian glaciation 
(ca 720–660 Ma) have a dominant sediment source from 
the north (Arunta Region) with a minor input from the 
south (Musgrave Province). Detrital U-Pb zircon spectra 
from the Gillen and Johnnys Creek members of the Bitter 
Springs Formation (Figure 2) suggest that the sediments 
were primarily sourced from the Arunta Region with minor 
sediment input from the Musgrave Province. A younger 
component at about 900 Ma from an unknown source is 
also recorded in the Gillen Member. Provenance studies on 
the underlying Heavitree Quartzite (Maidment et al 2007) 
show a similar pattern but lack the ~ 900 Ma component, 
suggesting some palaeogeographic adjustment occurred 
between deposition of the units, although field relationships 

Figure 2. Neoproterozoic stratigraphy of the Amadeus Basin 
(modified from Edgoose 2013); proposed changes to the stratigraphy 
are in red.
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in the northeast indicate they are transitional. During the 
initial stages of Neoproterozoic sedimentation within the 
basin, the depositional setting was generally shallow marine 
but periodically lacustrine or alluvial (Lindsay and Korsch 
1991, Walter et al 1995). 

Basalt in the upper part of the Johnnys Creek Member is 
geochemically similar to the Amata Dolerite and is therefore 
considered to be part of plume-related mafic magmatism 
associated with the Gairdner Large Igneous Province (LIP; 
Zhao et al 1994). Attempts to date these basalts via U-Pb 
zircon during this work have been unsuccessful. Lindsay and 
Korsch (1991) suggested the basalts indicate the presence 
of a rift in these basal sediments. However the absence of 
a significant change in the dominant source area suggests 
there was little disruption to local basin architecture at the 
time of magmatism. The Areyonga Formation, deposited 
during the Sturtian Glaciation, has a similar detrital zircon 
spectrum to that of the underlying Bitter Springs Formation. 
A dominant sediment source from the Arunta Region is 
consistent with the interpretation that glaciation during the 
Sturtian was centred around ice caps in the northeast of 
the Amadeus Basin (Lindsay 1989). In addition, a younger 
component of around 880 Ma may relate to the same source 
as the ~ 900 Ma detritus recorded in the Gillen Member of 
the Bitter Springs Formation.

The provenance spectrum for the Limbla Member of 
the Aralka Formation shows a more bimodal sediment 
source with the Arunta Region and Musgrave Province 
equally represented. Walter et al (1995) suggested the 
shallow water carbonate and sandstone units of the Aralka 
Formation (Figure 2) may be due to isostatic rebound after 
the close of the Sturtian Glaciation. This rebound may have 
initiated a response in basin architecture that allowed an 
increase in sediment input from the Musgrave Province, 
with a corresponding reduction in sediment supply from the 
Arunta Region. The absence of the younger detritus that is 
present in the underlying Areyonga Formation may suggest 
that this source area lies to the north of the Arunta Region 
and was similarly reduced (or cut off) with the reduction in 
sediment supply from the north.

The Elatina Glaciation (ca 640–580 Ma) and deposition 
of the Olympic Formation indicate a return to the trend of 
sediment dominantly sourced from the Arunta Region. 
Formations laterally equivalent to the Olympic Formation 
such as the Pioneer Sandstone and Gaylad Sandstone 
(Figure 2), have detrital zircon populations that are almost 
exclusively sourced from the Arunta Region. A dominant 
population at ca 1750 Ma indicates these formations were 
mainly locally derived from granites of this age in the 
adjacent eastern Aileron Province and deposited in a 
restricted depocentre in the northeast of the basin. The marine 
transgression following the retreat of the Elatina glacial ice 
resulted in the second post-glacial sediment source reversal. 
Walter et al (1995) postulated that as for the earlier Sturtian 
glaciation, isostatic rebound occurred after the deglaciation 
and resulted in the deposition of shallow-marine carbonate 
rocks. As for the Sturtian glaciation, this rebound may have 
caused conditions that resulted in a greater amount of detritus 
being sourced from the south. Sandstone predominates 

in the Waldo Pedlar Member of the Pertatataka Formation 
(Figure 2) and has a detrital zircon provenance spectrum that 
is dominated by Musgrave Province with a minor component 
of Arunta Region. In contrast, the Cyclops Member higher 
in the Pertatataka Formation succession and the overlying 
Julie Formation (Figure 2), shows a return to the dominant 
pattern of a prominent Arunta Region sediment source with 
only minor zircon grains with Musgrave Province ages. All 
units from the Olympic Formation upwards contain a new, 
younger population of zircons from an unknown source at 
around 650-700 Ma, and many also contain the ~ 900 Ma 
population described above. 

This interpretation of sediment provenance patterns is 
preliminary, based on limited sampling in the northeast of 
the basin. Future work will focus on sampling across the 
central and southern parts of the basin, which will allow a 
more basin-wide assessment of sediment sources and assist 
with the recognition of both regional and local controls on 
sediment supply. Further refinement of the U-Pb zircon data 
as indicator of provenance will also be enabled through 
the collection of Hf data currently underway. This data 
will provide additional constraints on determining source 
regions beyond zircon population ages, and may also assist 
in identifying specific source rocks in some instances. This 
new data can be integrated with other datasets to reconstruct 
the palaeogeographic settings and depositional history of 
the Amadeus Basin through the Neoproterozoic. 

Influence  of mafic magmatism  on  the  evolution  of  the 
Amadeus Basin

Three LIPs: Warakurna (ca 1076 Ma), Gairdner (ca 825 Ma) 
and Kalkarindji (ca 507 Ma), overlap to a greater or lesser 
extent in the vicinity of the Amadeus Basin (Figure 3a, 
b). The relationship between LIPs and the evolution of 
the Amadeus Basin has been discussed previously by 
Munson et al (2013). These LIPs may have influenced 
basin development to a greater or lesser extent depending 
on whether an ‘active’ (plume-related), or ‘passive’ 
(lithospheric delamination) model for extension applies 
(Li et al 1999). However, Cloetingh and Ziegler (2009) 
question this genetic distinction between active and passive 
rifting given that volcanic activity and doming in rift zones 
is likely to be a consequence of lithospheric extension and 
not the primary driver for it. 

Dolerite dykes related to the Warakurna LIP are well 
exposed intruding basement on the northern (Stuart Pass 
Dolerite) and southern (Alcurra Dolerite) margins of the 
basin. The ca 1090–1040 Ma Tjauwata Group succession 
of bimodal volcanics and clastic (meta) sedimentary rocks 
that underlie the basal Neoproterozoic units of the basin 
in southwestern NT, may extend the history of the basin 
back to the Mesoproterozoic (Stenian ca 1090; Lindsay and 
Korsch 1989, Korsch and Lindsay 1989, Camacho et al 2014). 
The Warakurna LIP (Wingate et al 2004) is interpreted as 
contemporaneous with part of both the Ngaanyatjarra Rift 
(Evins et al 2010) and the correlative Tjauwata Group rift 
sequence, and may have influenced the early and subsequent 
architecture of the Amadeus Basin. Magmatism within the 
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Figure 3. (a) Warakurna and Gairdner large igneous provinces (LIPs) shown in relation to Centralian A superbasin; (b) the Kalkarindji 
LIP shown in relation to the Centralian B Superbasin. This figure also shows that the three LIPs locally overlap in the vicinity of the 
contemporary Amadeus Basin (after Munson et al 2013, Glass et al 2013).
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Amadeus Basin during the Gairdner LIP is represented by 
mafic volcanic rocks in the Bitter Springs Formation (Zhao 
et al 1994) in the Ooraminna Sub-basin in the northeast, 
the Uluru area in the central-south of the basin and by a 
mafic dyke intruding the Pinyinna beds in the southwest 
of the basin (Scrimgeour et al 1999). There are no known 
mafic rocks associated with the Kalkarindji LIP preserved 
in the Amadeus Basin, but the Riddoch Amphibolite of 
the correlative Irindina Province may belong to this event 
(Claoué-Long and Hoatson 2005).

Probable plume-associated extension, crustal thinning 
and subsequent subsidence may have resulted in initiation 
of the Centralian A Superbasin and contiguous Adelaide 
Fold Belt which may have been the location of a plume-head 
(Zhao et al 1994).  Lindsay and Brasier (2004) suggested that 
the basal quartzites of the Amadeus Basin were deposited 
in a short-lived sag basin resulting from thermal recovery 
following a superplume event that was initiated ca 900 Ma. 
However Munson et al (2013) concluded that the Gairdner LIP 
is too young to have resulted in initiation of the Centralian A 
Superbasin by thermal deflation. Li et al (2008) suggested that 
this first (ca 825 Ma) major plume event related to the breakup 
of Rodinia was located at the polar end of the supercontinent 
with associated magmatism in Australia, South China, Tarim 
(in NW China), India, Kalahari and Arabian-Nubian terranes, 
with a plume-head in southwest China. There may have been 
a number of plume-heads associated with this ca 825 Ma 
magmatism. Li et al (1999, 2003) considered that a common 
hiatus in sedimentation between ca 900–820 Ma may in 
part be due to plume-related unroofing, and Lindsay (2002) 
and Lindsay and Brasier (2004) suggested that planation 
associated with plume related uplift generated large amounts 
of clastic material that was redistributed and deposited 
in a short-lived sag basin following thermal relaxation as 
Heavitree Quartzite. This widespread unit is predominantly 
intertidal to shallow marine. Shallow water conditions 
apparently prevailed throughout the Neoproterozoic in the 
Amadeus Basin suggesting limited subsidence and a balance 
between accommodation space and sedimentation.

Recent work by Camacho et al (2014) indicates that the 
depositional history of the Amadeus Basin extends back to 
ca 1040 Ma, and that the basin was initiated in response to 
the same processes that resulted in the Warakurna LIP and 
Ngaanyatjarra Rift and the Tjauwata Group rift succession. 
The Kalkarindji LIP is contemporaneous with, and likely 
influenced, the post-Neoproterozoic reconfiguration of the 
superbasin during the Cambrian (Munson et al 2013). The 
characterisation and petrogenesis of mafic rocks associated 
with these LIPs, and particularly the Warakurna LIP, is the 
subject of ongoing study and will help further constrain the 
fundamental drivers for Basin evolution and the controls on 
its architecture and sedimentary history.
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Introduction

The Central Oz Basins Resource Assessment (COBRA) 
initiative is a collaboration between CSIRO Mineral 
Resources and Energy Flagships, the Northern Territory 
Geological Survey, the Geological Survey of Western 
Australia and industry partners.

The project aims to assess the mineral and unconventional 
hydrocarbon potential of Central Australian sedimentary 
basins by bringing together and applying new technology 
and system concepts from hydrocarbon and minerals 
research. Applying different methods towards increasing 
the understanding of the Waterhouse Anticline structure 
(Figure 1) will result in vectors to exploration that 
are showcased in this abstract. The methods combine 
interpretations of shallow magnetic anomalies, reprocessed 

COBRA – The Waterhouse Anticline – an example of an integrated approach to Amadeus Basin 
geology
Susanne Schmid1,2, James R Austin, Carsten Laukamp, Peter Schaubs and David J Gray

1 CSIRO Mineral Resources Flagship, 26 Dick Perry Avenue, 
Kensington, WA Australia 6151. 
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ASTER data, seismic data and surface geological maps 
together with geochemistry and lithology from mineral 
exploration drillholes, petroleum wells and water bores. This 
allows the generation of a 3D model of the anticline.

Results and interpretation

Shallow magnetics

One of the more remarkable features of aeromagnetic data 
over the Amadeus Basin is the presence of numerous shallow 
magnetic bodies that appear to cause subtle anomalies that 
trace strata for several tens of kilometres distance along 
strike. The patterns caused by these stratiform anomalies 
highlight the presence of complex folding patterns 
including a variety of superposed folding architectures and 
strain partitioning between ductile and brittle deformation 
processes.

Figure 1. Geological map of the Waterhouse Anticline showing variations across the four 250k mapsheets. Red crosses are field location 
for stratigraphic and structural interpretation.
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Figure 2. Interpreted structural map by using a combination of structural data, magnetics and aerial photo interpretation (showing a 
major fault on the northern margin).

Figure 3. The analytic signal of TMI is used to accurately identify the position of magnetised units, regardless of whether remanent 
magnetisation is significant, as it is only weakly dependent on the magnetisations direction. 

Geological mapping and interpretation of the magnetic 
data of the Waterhouse Anticline suggests that the northern 
margin of the antiform is displaced across an E-W trending 
fault. There has also been minor modification of the northern 
limb of the antiform by a series of ESE striking secondary 
faults, which are probably related to sinistral transpression 
across the northern margin of the antiform (Figure 2). The 
shape of the antiform and its relationship to the faulted 
northern margin, suggest that the antiform’s architecture 
was in fact fault-controlled, forming by inversion associated 
with reverse (sinistral) movement. The sinistral movement 
is indicated by the following features: ESE-trending faults, 
elongation of the western fold nose, the observed layer 

thickening in the SE in the eastern termination, and the axial 
plane rotation, anticlockwise into the plane of the fault.

Magnetic enhancements indicate the magnetisation 
of the stratiform horizons is inconsistent throughout the 
structure (Figure 3). This would imply that the horizons 
have been broken and displaced during deformation, or that 
the magnetic minerals have been altered during metasomatic 
alteration, or both. In this case, based on the prior structural 
observations, it would seem that the former is more likely 
given that the northern margin is much more discontinuous 
than the southern margin.

A first pass forward magnetic model of the southern 
limb of the Waterhouse Anticline was conducted on 

Figure 4. A first test run of modelling for the southern limb of the Waterhouse Anticline was conducted on line 11031 of the Rodinga 
survey. The signal generated by the beds is relatively small compared with the regional/background signal. Hence it is more robust to 
use the 1st vertical derivative of TMI for modelling. Nevertheless, the units can be modelled as high susceptibility units (red and orange), 
moderate susceptibility (green and light blue) and units with downward oriented remanence (dark blue).
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line 11031 of the Rodinga Magnetic and Radiometric 
Survey acquired by NTGS in 1990 (Figure 4). The 
forward model matches the observed data to 2.76% RMS 
error, which is considered an acceptable result although the 
signal generated by the beds is relatively small compared 
with the regional/background signal. Nevertheless, the 
units can be modelled as three main petrophysical units: 
high susceptibility units (red and orange) corresponding 
with Cambrian carbonates in the core of the anticline, a 
series of interlayered units with moderate susceptibility 
(green and light blue) and units with downward oriented 
remanence (dark blue) corresponding with post-Cambrian 
sedimentary units. The peak-trough pattern observed could 
be interpreted as layers with remanence of alternating 
polarity (eg as observed in modern ocean floor). Given 
the low magnetisation intensity of all the causative layers 
and the fact that the negative anomalies must be due to 
remanence, it is more likely that the positive anomalies 
are also due to remanence, rather than to induced 
magnetisation.

ASTER data

This study demonstrates that CSIRO’s ASTER Geoscience 
Products can be used to map variations in mineralogical 
composition of sedimentary rocks in the Amadeus Basin. 
New processing of the publically available data covering the 
Amadeus Basin lithologies had the following impact: 

1. improved recognition of mineralogical variations within 
a stratigraphic unit 

2. defined mineralogy of outcrops previously unmapped 
due to limited access 

3. confirmed continuity of stratigraphic units
4. revealed mapping errors across mapsheet boundaries.

This was applied towards the mapping of carbonates 
within the Waterhouse Anticline as described below.

The MgOH/CO3 Group Content band ratio was designed 
by Cudahy et al (2008) to map the abundance of hydrated 
Mg and/or Fe-silicates (eg chlorite, amphibole) and 
carbonates (eg calcite, dolomite) based on the band ratio 
(B6+B9)/(B7+B8). It targets the depth of a major absorption 
feature located at around 2340 nm that is characteristic for 
these two major mineral groups. The MgOH/CO3 Group 
Composition image aims to trace compositional variations 
of the respective silicates and carbonates by tracking the 
asymmetry of bands 7 and 8 (Cudahy et al 2008) in those 
pixels that were previously identified in the MgOH/CO3 
Group Content image. Both these ASTER Geoscience 
Products images are therefore suitable for mapping, for 
example, limestones and dolostones of the Amadeus Basin. 
However ASTER bands 6 to 9 can be heavily influenced 
by vegetation due to overlapping dry and woody absorption 
features, compromising the mineralogical information 
contained in the Geoscience Products. Green vegetation 
has a similar impact on this Geoscience Product. There are 
ASTER bands that can be used to infer the abundance of 
green vegetation. A mask was developed by Cudahy et al 
(2008) to limit the impact of vegetation on the mineral 
maps by masking out pixels with a high abundance of green 
vegetation.

The MgOH/CO3 Group Content image highlights 
carbonate within the central part of the Waterhouse 
Anticline (Figure 5). The area is mapped as scattered 
outcrops of carbonates of the Cambrian Jay Creek Limestone 
and Goyder Formation. However, the MgOH / CO3 Group 
Content image shows variations of the carbonate abundance 
along strike with low carbonate content in the western 
central part of the antiform. Theoretically, along-strike 
variations can be caused by different mineral assemblages 

Figure 5. MgOH/CO3 Group Content after Cudahy et al (2012) highlights carbonates of the Jay Creek Limestone and Goyder Formation 
within the eastern section of the central antiform and within or around the river bed (likely to be carbonates like calcrete or mixing 
with vegetation mask).
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and/or compositional changes or be due to the applied 
thresholds. A comparison of the MgOH/CO3 Content 
image with the Green Vegetation Content image shows 
an elevated green vegetation content on the southern limb 
and western extension, as well as in those areas of the Jay 
Creek Limestone and Goyder Formation that have no signal 
in the MgOH/CO3 Group Content image, suggesting that 
these pixels were masked out during the original image 
processing by the vegetation effect. After applying the 
Green Vegetation mask on the MgOH/CO3 Group Content 
image (Figure 6), the Jay Creek Limestone can be traced 
across the scene boundary to the west.

Hydrogeochemistry

The use of hydrogeochemistry for lithological 
characterisation and mineral exploration is increasing 
in Australia. Exploration targets are becoming more 
difficult to find and greater emphasis is being placed on 
exploring through deep (>30 m) transported cover and into 
basin terranes. Groundwater interacts with mineralised 
rocks and creates a geochemical signature that may be 
much greater in size than that found in regolith, soil and 
stream sediments as the groundwater is more mobile than 
the surrounding minerals. The water bore data within 
the Waterhouse Anticline structure indicates gypsum 
dissolution at depth of ~900 m, for example, on the 
eastern closure, possible related to water mixing along 
faults. Other ratios indicate a strong control on the aquifer 
lithology and correlation with changing lithologies from 
sandstones to limestones.

Geochemistry

Anomalous Cu, Zn and Pb were initially discovered from 
malachite on surface lag and were investigated by soil 

sampling and then by drilling in 1954 and 1972, with an 
extensive drilling program by Rio Tinto between 1995 and 
1997. The main elevated copper zone with up to 1.3% Cu 
is found along the contact between the Goyder Formation 
(Cambrian) and the Pacoota Sandstone (Ordovician) and 
therefore was interpreted as stratiform-type mineralisation. 
It is hosted in ferruginous siltstone along 12 km strike 
length within the central margins of the structure. Elevated 
Pb and Zn occur in the underlying Jay Creek Limestone in 
the anticline centre (Figure 7).

3D modelling and interpretation of mineralisation

The combination of dip calculation from shallow magnetics 
and outcrop data, seismic interpretation, and stratigraphic 
data from drillholes and geological maps, was used to 
build a 3D model of the anticline. Further, information on 
lithology from ASTER data, water bore chemistry, drillhole 
geochemistry and logged lithology in water bore, petroleum 
and mineral drillholes was used to interpret the distribution 
and nature of the base metal mineralisation. For example, 
the re-processed ASTER data showing carbonate in outcrop 
(red arrow) correlates with lithology logged in mineral 
exploration drillholes (Figure 8).

Outcrop and drillhole data indicate that base metal 
mineralisation occurs in the upper part of the Cambrian 
succession close to the contact towards the Ordovician 
Pacoota Sandstone. Seismic data interpretation was used 
to identify the extension of the mineralised interval and 
its potential for future exploration. The 3D model shows a 
western down dip of the top Goyder Formation towards a 
depth of ~2 km below sea level (Figure 9). Elevated base 
metals in the same stratigraphic interval were also measured 
in petroleum wells ~60 km SE of the Waterhouse Anticline 
at a depth of ~1400 m indicating widespread anomalous 
base metals within the Goyder Formation.

Figure 6. MgOH/CO3 Group Content with modified Green Vegetation mask exposing carbonates in the western central part of the 
antiform and matching outcropping Jay Creek Limestone (red arrow).
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Figure 7. Distribution of Cu and Zn in drillhole within the Waterhouse Anticline showing elevated copper around the inner margin and 
elevated zinc mainly towards the centre. The 3D image is based on SRTM 1km spacing elevation surface and Landsat Band 742 imagery 
(scale see previous figures).

Figure 8. 3D model showing variation in lithology in drillholes (red = sandstone, yellow = siltstone, green = shale and blue = limestone/
dolostone) correlating with changes in stratigraphy between the Goyder Formation and Jay Creek Limestone. Also correlates well with 
carbonate ASTER data pattern (red arrow) revealed in re-processed data (scale see previous figures).
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Conclusion

The data presented here are an example of the basin-
wide assessment and integration of multi-disciplinary 
datasets leading towards the development of a 3D model 
and the improved understanding of Amadeus Basin 
geology and its potential for hosting mineral deposits and 
hydrocarbon accumulation. The Waterhouse Anticline is 
generally a simple antiform as seen from seismic, but with 
major faulting along the northern margin as indicated by 
magnetics and drillhole data. The base metal mineralisation 
is mainly controlled by lithology and sits in the contact 

Figure 9. 3D model of contact between the Cambrian Goyder Formation and the Ordovician Pacoota Sandstone based on seismic 
interpretation.

between the Goyder Formation and Pacoota Sandstone. 
Secondary enrichment due to faulting cannot be disregarded 
however the existing data are insufficient for a conclusive 
interpretation.
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Heavitree Quartzite, Amadeus Basin: its place within the Centralian Superbasin
Phil Plummer1
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The Heavitree Quartzite is the basal unit of the Neoproterozoic 
succession within the Amadeus Basin of central Australia.  
Essentially a sequence of well bedded, silicified coarse 
clastics, it has been stratigraphically correlated to similar 
clastic units in other basins that constitute the Centralian 
Superbasin, an extensive intracratonic sag basin (Walter 
et al 1995) initiated at the start of the Neoproterozoic 
(Figure 1).  

The Heavitree Quartzite unconformably overlies 
dyke swarms in the adjacent cratonic Arunta Region 
and Musgrave Province dated at 1076 and 1054 Ma, 
respectively (Zhao and McCulloch 1993, Camacho et al 
1997) and is overlain by the Bitter Springs Formation, 
which includes spilites geochemically correlated to a 
dolerite dated between 824 and 790 Ma (Glikson et al 
1996, Zhao et al 1994).  While these latter dates compare 
favourably with 825 to 802 Ma determined from coeval 

Acaciella australica stromatolites (Grey 2005), Close et al 
(2005) interpret an intra-Bitter Springs disconformity of 
considerable duration beneath the stromatolitic member, 
suggesting the age of the Heavitree Quartzite to be not 
significantly younger than the Arunta/Musgrave dykes at 
~950 to 1000 Ma. 

Descriptions and thicknesses of the Heavitree Quartzite 
(Figure 2) are provided primarily by two outcrop studies 
along the northern margin of the Amadeus Basin (Clark 
1974, Lindsay 1999), while other descriptions occur in the 
Explanatory Notes to mapsheets that cover the basin (Close 
et al 2003, Forman 1963, Scrimgeour et al 1999, 2005; 
Warren and Shaw 1995, Young et al 1995).  Within the 
basin only two wells (Magee-1 and Mt Kitty-1, both on the 
southeastern flank) drilled the entire Neoproterozoic section, 
but new regional seismic data have added some clarity to 
the thickness trends, showing the lower Neoproterozoic 
succession to thin and onlap the southeastern flank 
(Figure 3).
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Figure 1.  Location of the Amadeus Basin and other component basins within the Centralian Superbasin. Inset: Neoproterozoic to Early 
Cambrian stratigraphy of the Amadeus Basin (Edgoose 2013a) with Heavitree Quartzite highlighted in yellow.

Figure 2.  Location of Heavitree and Dean Quartzite outcrops (yellow) around the margins of the Amadeus Basin showing measured 
sections and well intersections (light green) superimposed on false-colour topographic map. Triangle locates the Heavitree Quartzite 
type section.
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Type section

The Heavitree Quartzite was first afforded formation 
status by Joklik (1955) who inferred the type section to be 
Heavitree Gap, immediately south of Alice Springs.  Clark 
(1974) provided the first detailed description of the type 
section, recognising four members that were mappable along 
the northern margin of the basin.  A basal unit comprising 
interlaminated shale and siltstone with fine sandstones filling 
occasional shallow scours (Undoolya Siltstone Member) is 
replaced to both the east and west by sandstones above a 
basal conglomerate.  These sandstones grade upward into 
moderately to well sorted, fine to medium grained, crossbedded 
quartz sandstones (Temple Bar Sandstone Member), which 
become conglomeratic towards the west.  Trough and planar 
crossbeds, asymmetric ripple marks, desiccation cracks and 
rare raindrop imprints give way upwards to massive bedding 
devoid of sedimentary structures. 

Overlying a scoured base are medium to thickly bedded, 
poorly sorted, pebble conglomerates to conglomeratic 
sandstones (Fenn Gap Conglomerate Member).  This 
regionally mappable unit is thickest in the northeast and 
gradationally overlain by well sorted, very fine to medium 
grained quartz sandstones (Blatherskite Quartzite Member) 
that coarsen up section and cap the Heavitree Quartzite.  
Sedimentary structures are rare but include trough 
crossbeds, ripple marks and desiccation cracks.  The top 
of the Heavitree Quartzite is rarely exposed, but it appears 
to grade conformably into the overlying Bitter Springs 
Formation (Joklik 1955), a thick sequence of predominantly 
carbonates and evaporites.

Facies relationships and zircon provenance

The general eastward thinning of the basal siltstone unit and 
its eventual replacement by sandstones, where the Heavitree 

Quartzite is thickest, suggests the development of a delta 
in the northeast of the basin.  The basal siltstones thus 
represent a prodelta facies and are likely to be extensively 
developed across the basin.  Also thickest in the northeast 
is the conglomeratic member, suggesting proximal braided 
fluvial deposition upon a prograding delta, the underlying 
and overlying sandstone members representing more 
distal delta plain deposition within an overall regressive-
transgressive setting. 

Palaeocurrent data is sparse, but Walter and Veevers 
(2000) suggest a northeasterly (Arunta Region) source in the 
northeast of the basin, while in the Limbla Hills to the south, 
trough crossbeds and ripple marks suggest a southeasterly 
(Gawler Craton) source (Lindsay 1999).  Provenance studies 
of zircons recovered from the Heavitree Quartzite (Kositcin 
et al 2014) confirm these source areas.  In the Mangeraka 
Gorge area to the west of the type section (see Figure 2), 
interbedded conglomerates (Figure 4a) suggest proximity 
to local sources, proposed to be islands of exposed Arunta 
Region, as suggested by Well et al (1970). 

Sited on the monoclinal southeastern flank of the basin 
Magee-1 penetrated the Heavitree Quartzite, encountering 
only 6.3 m of poorly sorted, fine to very coarse grained quartz 
sandstone underlain by a thin dark grey shale (Wakelin-King 
and Austin 1992).  The basal shale is likely a correlative of 
the prodelta siltstone facies, while rare glauconite within 
the sands suggests a marine influence.  The only other well 
to penetrate basement within the Amadeus Basin was Mt 
Kitty-1, in which the Heavitree Quartzite was absent. 

Southwest Amadeus Basin

In the southwest Amadeus Basin, the Dean Quartzite and 
conformably underlying Kulail Sandstone equate to the 
Heavitree Quartzite.  These units have been subjected to 
structural repetition which initially led to considerable 

NW SE

Approx. Seismic 
Line Location

Amadeus Basin

A15-104.ai

Figure 3.  Seismic line across the southeastern flank of the Amadeus Basin showing thinning of the lower Neoproterozoic section onto 
basement.
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overestimation of their true thickness (eg Foreman 1963, 
Wells et al 1970, Lindsay 1999).  Current consensus is for a 
combined depositional thickness for the Kulail/Dean to be 
no more than 200 m and thinning towards the east.

Lenticular basal conglomerates of the Kulail Sandstone 
infill an irregular topography and grade upwards into 
trough crossbedded, cobble-bearing, medium grained 
quartzo-feldspathic sandstones.  These in turn pass upwards 
into clean, well sorted, massive to planar crossbedded, 
quartzose sandstones and rare pebble conglomerates of 
the Dean Quartzite.  Sedimentary structures are rare, but 
include herringbone crossbeds, graded beds, ripple marks 
and, towards the base, haematite-defined laminations and 
lenticular gravel beds.  Crossbedded conglomerates suggest 
braided fluvial deposition while herringbone crossbeds 
indicate alternating current activity, and haematitic 
laminations suggest a high energy beach environment.  
Combined, these features suggest the development of a 
deltaic plain upon an initial fluvial braidplain.  

Equivalents beyond the Amadeus Basin

Being unfossiliferous, correlation of the Heavitree 
Quartzite beyond the Amadeus Basin has been based 
solely on its relative stratigraphic position, namely resting 
unconformably upon basement and overlain by a thick 
evaporite sequence.

Officer/Savory Basin: Within the Officer Basin, 
the Pindyin Sandstone (South Australia) and Townsend 
Quartzite (Western Australia) comprise local crossbedded 
conglomerates overlain by sandstones, fining from pebbly 
to medium grained east to west with abundant herringbone 
crossbedding, asymmetrical ripple marks and desiccation 
cracks indicative of alternating currents and periodic 
subaerial exposure.  Deposition was initially fluvial, 
derived from a northerly (Musgrave) source against 

which these formations are thickest.  To the southeast 
the Pindyin Sandstone grades into a well sorted, well-
rounded, haematite-rimmed quartz sandstone (Figure 4b) 
with minor halite and anhydrite indicative of aeolian 
deposition, while to the southwest the Townsend Quartzite 
thins before onlapping the Yilgarn Craton, with several 
wells delineating the zero edge (Figure 5).  Palaeocurrent 
data suggest the initial southerly flow off the Musgrave 
Province later became tidally influenced, eventually to 
flow northward beyond the western end of the Musgrave 
Province.  

Further northwest, within the Savory Basin, the 
Spearhole Formation and Coondra Formation comprise 
boulder conglomerates, infilling an irregular topography 
(Figure 4c), overlain by crossbedded, poorly sorted, 
medium grained to pebbly sandstones derived from a 
predominantly southerly (Yilgarn) source.  Large crossbeds 
(5 m thick: Figure 4d) occur with ripples developed between 
crossbed sets.  Palaeocurrent data indicate a predominantly 
northeasterly flow.  The principal outlet for the Officer/ 
Savory Basin appears to have been at the western end 
of the Musgrave Province where large crossbedded 
sandstones towards the top of the section suggest barrier 
bar development upon a deltaic plain.

Ngalia Basin:  Within the Ngalia Basin to the north of 
the cratonic Arunta Region, the Vaughan Springs Quartzite 
comprises medium to thickly bedded, well sorted, medium 
to coarse grained quartz sandstones both above and 
below a central sequence of locally glauconitic mudstones 
and shales.  Sedimentary structures include slumps and 
intraformational breccias within the finer lithologies while 
the sandy facies are typified by crossbedding, graded 
bedding, flute casts and occasional ripple marks from which 
a north to northeast provenance is indicated.  Thicknesses 
vary greatly and it is likely that the base Neoproterozoic 
unconformity displays significant topographic relief.  

Figure 4.  (a) Conglomerate and 
quartzite interbeds, Heavitree 
Quartzite, Mt Palmer, northern 
Amadeus Basin (Scrimgeour et al 
2005).  (b) Haematite-rimmed, well 
rounded quartz grains, Pindyin 
Sandstone, Giles-1, Murnaroo 
Platform, South Australian Officer 
Basin (Sansome 1997).  (c) Basal 
boulder conglomerate, Coondra 
Formation, Coondra Coondra 
Springs, Savory Basin (Williams 
1992).  (d) Large scale crossbed, 
Spearhole Formation, Savory 
Basin (Williams 1992).
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Other basins:  To the northwest of the Ngalia Basin, 
fine to coarse grained quartz sandstones with interbeds of 
pebble conglomerate and sublithic siltstone form the Munyu 
Sandstone and Lewis Range Sandstone within the Murraba 
Basin.  Interpreted to have been initially fluvially deposited, 
ripple marks indicate a southeasterly provenance while 
lenticular limestone interbeds towards the top indicate later 
marine influence from the north.  Further north and infilling 
an irregular topography within the Victoria Basin, a basal 
conglomerate and overlying medium-grained sandstones 
form the Jasper Creek Sandstone.  Trough crossbedding, 
discontinuous pebble lags, rare ripple marks and desiccation 
cracks indicate that deposition involved intermittent current 
activity and aerial exposure, interpreted to have been 
initially fluvial then nearshore marine.  

The Amesbury Quartzite occurs in the southwest 
Georgina Basin, northeast of the Ngalia Basin.  Comprising 
crossbedded orthoquartzite and quartz sandstone, often 
ferruginous and containing ripple marks and desiccation 
cracks, its pebbly base infills an irregular topography.  
Elsewhere within the basin, an interbedded sequence of fine 
to granular arkose, sandstone and laminated shale comprise 
the fluvially deposited Yackah Beds.  To the south, within the 
Adelaide Foldbelt, a clean crossbedded, pebbly quartzite with 
minor siltstone interbeds, which becomes conglomeratic to 
the west, forms the fluvially deposited Paralana Quartzite.  

Regional palaeogeographic configuration

Of note within the Heavitree Quartzite and its equivalents is 
the preponderance, amid the supposed superbasin, of fluvial 
conglomerates, indicative of proximity to exposed source 
areas.  Inferences from component zircons and palaeocurrent 
data suggest that the cratonic Musgrave Province and 
Arunta Region were at least partially exposed at this time 
to compartmentalise the initial Centralian Superbasin into 
a series of shallow, narrow catchment areas (Figure 6) in 

contrast to an expansive intracratonic superbasin.  These 
fluvial systems appear to have flowed into a main depocentre, 
focussed on the Amadeus Basin, through two major delta 
developments: one in the northeast of this depocentre from 
sediment derived from the Arunta Region (via the Georgina 
Basin) and the Gawler Craton (via the Adelaide Foldbelt), 
and a second in the southwest from sediment derived from 
the Musgrave Province (via the eastern Officer Basin) and 
Yilgarn Craton (via the western Officer/Savory Basin). 

However, the Amadeus Basin depocentre was not deep,  
as indicated by conglomerate interbeds within the Heavitree 
Quartzite along the northern margin coupled with the abrupt 
variations in thickness of the Vaughan Springs Quartzite in the 
adjacent Ngalia Basin.  These indicate that at least islands of 
the cratonic Arunta Region were exposed and shedding coarse 
clastics into a surrounding braidplain that became intertidal in 
basinal areas to both the south and north, as indicated by the 
presence of rare glauconite.  The northwesterly current flow 
through the Murraba Basin and shallow marine depositional 
environment in the Victoria Basin suggest a likely northerly 
seaway connection (Figure 6).  

The post-Heavitree marine transgression was 
conformably witnessed within all component basins of the 
Centralian Superbasin except the Georgina and Adelaide 
basins which entered a period of hiatus.  While the 
transgressive deposits in the northern basins were of open 
marine origin, the presence of evaporites in the Amadeus 
and Officer/Savory basins indicate that the marine 
conditions were more restricted (Figure 7).  

Lower Gillen–Heavitree petroleum system

The Heavitree Quartzite is the target reservoir of the lower 
Gillen–Heavitree petroleum system within the Amadeus 
Basin. A 9% matrix porosity is preserved in Magee-1.  
Primary source rock is the basal black shale unit of the 
overlying lower Gillen Member (Bitter Springs Formation), 
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which represents the initial transgression that extended 
through the Ngalia, Amadeus and Officer basins before the 
deposition of a thick sequence of evaporites that forms the 
ultimate seal of the petroleum system. 

Additionally, the basal shaly prodelta facies of the 
Heavitree Quartzite, which is predicted to become 
increasingly shaly in its more distal reaches (as in Magee-1), 
may also source the lower Gillen–Heavitree Petroleum 
System as such prodelta shales are typically organic 

rich.  This petroleum system has been proven within the 
Amadeus Basin by gas recovered at low rates from both the 
Heavitree Quartzite in Magee-1 and from fractures in the 
uppermost basement (in the absence of Heavitree Quartzite) 
in Mt Kitty-1. 

Figure 8 is a revised isopach map of the Heavitree 
Quartzite, based on the scant thickness data available from 
outcrop coupled with regional trends from seismic data 
and applied to a deltaic palaeogeographical model.  The 

Figure 9.  Heavitree Quartzite play fairway across the Amadeus Basin.  Inset shows its stratigraphic 
position at the base of the Neoproterozoic.
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Figure 8.  Isopach map of the Heavitree Quartzite across the Amadeus Basin superimposed on false colour topographic map showing 
measured thicknesses (blue), zero edge (yellow line) and major sediment input routes (green arrows).
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lobate contours in the northeast of the delta developed from 
sediment input derived from fluvial systems emanating 
from both the northeast and southeast.  The lobate contour 
in the west represents the postulated delta emanating from 
the Officer Basin.  Thicknesses throughout the centre of the 
basin are completely unconstrained. When these isopachs 
are considered with depth to basement, a broad Heavitree 
play fairway can be defined (Figure 9). 

Conclusion

During Heavitree Quartzite deposition, the Centralian 
Superbasin appears to have been an amoeboid-shaped 
cluster of predominantly fluvial-dominated catchment 
areas that disgorged through deltaic systems into a central, 
shallow depocentre focussed on the Amadeus Basin.  This 
depocentre was seemingly marine-influenced via a narrow 
northerly seaway through which post-Heavitree flooding 
occurred to enlarge the superbasin.  

The Heavitree Quartzite is the reservoir target of the 
proven lower Gillen–Heavitree petroleum system within 
the Amadeus Basin.  New seismic data applied to a deltaic 
depositional model has provided greater insight on its likely 
presence and thickness across the basin.  Black shales of 
the overlying lower Gillen Member, possibly coupled with 
shales in the basal Heavitree member, provide the source to 
the petroleum system while thick overlying evaporites of 
the middle Gillen Member provide a regional seal.

Acknowledgements

Santos would like to acknowledge and thank our joint 
venture partner, Central Petroleum Ltd, for their support 
with this presentation.

References

Ahmad M, 2013. Chapter 25: Murraba Basin: in Ahmad 
M and Munson TJ (compilers) ‘Geology and Mineral 
Resources of the Northern Territory’. Northern Territory 
Geological Survey, Special Publication 5.

Ahmad M and Scrimgeour IR, 2013. Chapter 2: Geological 
Framework: in Ahmad M and Munson TJ (compilers) 
‘Geology and Mineral Resources of the Northern 
Territory’. Northern Territory Geological Survey, 
Special Publication 5.

Ambrose G, 2006. The Amadeus Basin 2006: in Ambrose G, 
‘Northern Territory of Australia, onshore hydrocarbon 
potential, 2006’. Northern Territory Geological Survey, 
Record 2006-003.

Apak SN and Moors T, 2000. Basin development and 
petroleum exploration potential of the Yowalga Area, 
Officer Basin, Western Australia. Geological Survey of 
Western Australia, Report 76.

Beier PR, Dunster JN, Cutovinos A and Pietsch BA, 
2002. Delamere, Northern Territory (Second Edition). 
1:250 000 geological map series explanatory notes, 
SD 52-16. Northern Territory Geological Survey, 
Darwin.

Camacho A, Compston W, McCulloch M and McDougall  I, 
1997. Timing and exhumation of eclogite facies shear 
zones, Musgrave Block, central Australia. Journal of 
Metamorphic Geology 15, 735-751.

Clark D, 1974. Heavitree Quartzite stratigraphy and 
structure near Alice Springs, N.T. Northern Territory 
Geological Survey, Record 74/9.  

Close DF, Edgoose CJ and Scrimgeour IR, 2003. Hill and 
Bloods Range, Northern Territory. 1:100 000 geological 
map series explanatory notes, 4748 and 4848. Northern 
Territory Geological Survey, Darwin.

Daniels JL, 1974. The geology of the Blackstone Region, 
Western Australia. Geological Survey of Western 
Australia, Bulletin 123.

D’Ercole C, Irimies F, Lockwood AM and Hocking RM, 
2005. Geology, geophysics and hydrocarbon potential 
of the Waigen Area, Officer Basin, Western Australia. 
Geological Survey of Western Australia, Report 100. 

Dunster JN and Ahmad M, 2013. Chapter 26: Victoria Basin: 
in Ahmad M and Munson TJ (compilers) ‘Geology and 
Mineral Resources of the Northern Territory’. Northern 
Territory Geological Survey, Special Publication 5.

Dunster JN, Beier PR, Burgess JM and Cutovinos A, 
2000. Auvergne, Northern Territory (Second Edition). 
1:250 000 geological map series explanatory notes, SD 
52-15. Northern Territory Geological Survey, Darwin.

Edgoose CJ, 2013a. 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.

Edgoose CJ, 2013b. Chapter 24: Ngalia Basin: in Ahmad 
M and Munson TJ (compilers) ‘Geology and Mineral 
Resources of the Northern Territory’. Northern Territory 
Geological Survey, Special Publication 5.

Edgoose CJ, Scrimgeour IR and Close DF, 2004. Geology 
of the Musgrave Block, Northern Territory. Northern 
Territory Geological Survey, Report 15.

Forman DJ, 1963. Regional Geology of the Bloods Range 
Sheet, South-West Amadeus Basin. Bureau of Mineral 
Resources, Record 1963/47.

Glikson AY, Stewart AJ, Ballhaus CG, Clarke GL, Feeken 
EHJ, Leven JH, Sheraton JW and Sun S-S, 1996. 
Geology of the western Musgrave Block, central 
Australia, with particular reference to the ultra-
mafic Giles Complex. Bureau of Mineral Resources, 
Bulletin 239. 

Grey K, 2005. Subdividing the Cryogenian of Australia 
using biostratigraphy: in Munson TJ (editor) ‘Central 
Australian Basins Symposium, petroleum and minerals 
potential, Alice Springs Convention Centre, 16–18 
August 2005, Program and abstracts’. Northern 
Territory Geological Survey, 19.

Haines PW and Allen H-J, 2014. Geology of the Boord 
Ridges and Gordon Hills: Key stratigraphic section in 
the Western Australia. Geological Survey of Western 
Australia, Record 2014/11.

Joklik GF, 1955. The geology and mica-fields of the Harts 
Ranges, central Australia. Bureau of Mineral Resources, 
Bulletin 26.



91

AGES2015

Kositcin N, Whelan JA, Hallett L and Beyer EE, 2014. 
Summary of Results. Joint NTGS-GA geochronology 
project: Amadeus Basin, Arunta Region and Murphy 
Province. Northern Territory Geological Survey, 
Record 2014-005.

Kruse PD, Dunster JN and Munson TJ, 2013. Chapter 
28: Georgina Basin: in Ahmad M and Munson TJ 
(compilers) ‘Geology and Mineral Resources of the 
Northern Territory’. Northern Territory Geological 
Survey, Special Publication 5.

Lindsay JF, 1999. Heavitree Quartzite, a Neoproterozoic 
(ca 800-760 Ma), high-energy, tidally influenced, 
ramp association, Amadeus Basin, central Australia. 
Australian Journal of Earth Sciences 46, 127-139.

Lindsay JF, 2002. Supersequences, superbasins, 
supercontinents – evidence from the Neoproterozoic-
Early Palaeozoic basins of central Australia. Basin 
Research 14, 207-223.

Lipski P, 1998. EP 15 Newhaven-1 well completion report. 
Magellan Petroleum Australia Ltd. Northern Territory 
Geological Survey, Open File Petroleum Report PR98-
98.

Mackie AW, 1986. Geology and Mining History of the 
Arltunga Goldfield, 1887-1985. Northern Territory 
Geological Survey, Report 2.

Maidment DW, Williams IS and Hand M, 2007. Testing 
long-term patterns of sedimentation by detrital zircon 
geochronology, Centralian Superbasin, Australia. Basin 
Research 19, 335-360. 

Morton JGG, 1997. Chapter 6: Lithostratigraphy and 
Environments of Deposition: in Morton JGG and Drexel 
JF (editors) ‘The Petroleum Geology of South Australia: 
Volume 3: Officer Basin’. Mines and Energy Resources, 
South Australia, Report Book 97/19.

Munson TJ, Kruse PD and Ahmad M, 2013. Chapter 22: 
Centralian Superbasin: in Ahmad M and Munson TJ 
(compilers) ‘Geology and Mineral Resources of the 
Northern Territory’. Northern Territory Geological 
Survey, Special Publication 5.

Parkin LW, 1969. Handbook of South Australian Geology. 
Geological Survey South Australia.

Preiss WV and Forbes BG, 1981. Stratigraphy, correlation 
and sedimentary history of Adelaidean (Late Proterozoic) 
basins in Australia. Precambrian Research 15, 255-304.

Sansome A, 1997. Chapter 10: Reservoirs and Seals: in Morton 
JGG and Drexel JF (editors) ‘The Petroleum Geology 
of South Australia: Volume 3: Officer Basin’. Mines and 
Energy Resources, South Australia, Report Book 97/19.

Scrimgeour IR, Close DF and Edgoose CJ, 1999. 
Petermann Ranges, Northern Territory (Second 
Edition). 1:250 000 geological map series explanatory 
notes, SG 52-07. Northern Territory Geological Survey, 
Darwin.

Scrimgeour IR, Close DF and Edgoose CJ, 2005. Mount 
Liebig, Northern Territory (Second Edition). 1:250 000 
geological map series explanatory notes, SF 52-16. 
Northern Territory Geological Survey, Darwin.

Wakelin-King G and Austin L, 1992. Magee-1, EP 38, 
Northern Territory, Well Completion Report. Pacific Oil 
& Gas Pty. Ltd. Northern Territory Geological Survey, 
Open File Petroleum Report, PR1992-0121.

Walter MR and Veevers JJ, 2000. Neoproterozoic Australia: 
in Veevers JJ (editor) ‘Billion-year history of Australia 
and neighbours in Gondwanaland’. GEMOC Press, 
Sydney.

Walter MR, Veevers JJ, Calver CR and Grey K, 1995. 
Neoproterozoic stratigraphy of the Centralian 
Superbasin. Precambrian Research 73, 173-195.

Warren RG and Shaw RD, 1995. Hermannsberg, Northern 
Territory. 1:250 000 geological map series explanatory 
notes, SF 53-13. Northern Territory Geological Survey, 
Darwin. 

Wells AT, Forman DJ, Ranford LC and Cook PJ, 1970. 
Geology of the Amadeus Basin, central Australia. 
Bureau of Mineral Resources, Bulletin 100.

Williams IR, 1992. Geology of the Savory Basin, Western 
Australia. Geological Survey Western Australia, 
Bulletin 141. 

Young DN, Edgoose CJ, Blake DH and Shaw RD, 1995. 
Mount Doreen, Northern Territory (Second Edition). 
1:250 000 geological map series explanatory notes, 
SF 52-12. Northern Territory Geological Survey, Darwin.

Zhao J and McCulloch M, 1993. Sm-Nd mineral isochron 
ages of Late Proterozoic dyke swarms in Australia: 
evidence for two distinctive events of mafic magmatism 
and extension. Chemical Geology 109, 341-354.

Zhao J, McCulloch MT and Bennett VC, 1992. Sm-Nd 
and U-Pb zircon isotope constraints on the province of 
sediments from the Amadeus Basin, central Australia: 
Evidence for REE fractionation. Geochim Cosmochim 
Acta 56, 921-940.

Zhao J, McCulloch MT and Korsch RJ, 1994. 
Characterisation of a plume-related ~800 Ma magmatic 
event and its implications for basin formation in central-
southern Australia. Earth and Planetary Science Letters 
121, 349-367.



92

AGES2015

Helium is a commodity of strategic importance to high-
technology fields, with applications in defence, medicine, 
manufacturing and energy. A secure supply of helium 
enables the continuing operation of MRI scanners, the 
manufacture of fibre optic cables and the continuation of 
the aerospace industry to name just a few applications. A 
supply of helium into the future may enable the emergence 
of new technologies in energy production, transport or 
information technology.

The Geoscience Australia report into critical 
commodities (Skirrow et al 2013) included helium as one 
of the commodities of strategic importance to Australia. 
Following on from this report, Geoscience Australia is 
working towards producing a resource assessment and data 
package based on its Australia-wide helium data holdings, 
incorporating gas data from more than 1400 gas and 
petroleum wells across Australia, both offshore and onshore, 
and from conventional and unconventional reservoirs.

Initial assessment of helium resources indicates that 
Australia has world-class helium resources which could 
provide helium for the domestic and export market for at 
least the next 40 years. With appropriate management, 
supply could be guaranteed for much longer. Helium gas 
can be economically extracted from many natural gas 
reservoirs. Australia’s helium supply is strongly tied to the 
liquefied natural gas (LNG) industry. With LNG production 
projected to grow from 24 Mt to more than 80 Mt per year 
by 2018 (BREE 2013), the helium industry in Australia 
could also grow strongly. 

The large volumes of LNG production coupled with 
sufficient helium content in the natural gas mean that at 
least 700 MMCF (million cubic feet) of helium per year 
(almost 20 times estimated Australian consumption) could 
realistically be recovered from Australian reservoirs. 
Any helium that is not recovered from natural gas during 
extraction is lost to the atmosphere, meaning that helium 
resources are continually depleted regardless of whether the 
helium is recovered. 

Basins in and around the Northern Territory are some of 
the most prospective for helium in Australia. The Bonaparte 
Basin is located predominantly offshore from the northwest 
coast of Australia and has rich reserves of natural gas that 

host significant helium resources which can be economically 
extracted in coordination with LNG production. Australia’s 
only helium extraction plant, based in Darwin, already 
processes gas derived from the Bayu and Undan fields in 
the northern part of this basin and is evidence supporting 
the commercial viability of helium extraction from offshore 
reservoirs.

The Amadeus Basin in the south of the Northern 
Territory, although much lower in total natural gas reserves, 
has indications of significant helium abundance with 
some wells recording helium abundances with 5.8 to 6.2% 
identified in  tests at Mt Kitty-1 and Magee-1 respectively 
(Wakelin-King and Austin 1992, Palmer and Ambrose 
2012). With no associated LNG production planned for 
this basin, the commercial viability of helium extraction 
is much more dependent on high concentrations of helium. 
The uniquely-high concentration of helium in some wells 
in the Amadeus Basin suggests that helium extraction 
independent of natural gas extraction may be feasible.
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The Tellus Holdings Ltd (Tellus) Chandler Project is located 
within the Amadeus Basin, approximately 120km south of 
Alice Springs (Figure 1). 

The rock salt mineralisation within the project area 
is hosted in the Precambrian Gillen Member and the 
Cambrian Chandler Formation, separated and overlain 
mainly by sand, siltstones and dolomites. Due to its 
depth below 1200 m, the Gillen Member rock salt is not 
considered to be mineable via conventional underground 
mining. The Chandler Formation rock salt section ranges 
in thickness and depth between 220–261m and 710–825 m 
respectively. 

Petroleum exploration activities within the area started 
in the early 1960s and continued in the 1980s, and included 
geological mapping, gravity surveys, magnetic surveys, 
exploration drilling and 2D seismic surveys. The historical 
wells Bluebush-1, Magee-1, and Charlotte-1 were drilled in 
1983, 1992 and 1965 respectively by different exploration 

companies. The stratigraphy and correlation between wells 
has been well described by Young (Young and Ambrose 
2007) with Figure 2 outlining the correlation of the Chandler 
Formation salt across the southern Amadeus Basin.

Tellus completed a diamond drilling program in January 
2014 targeting the Chandler Formation. Two drillholes were 
completed: CH003 intersected the top of salt at 772 metres, 
and CH001A, at 825 metres. Excellent salt core recovery 
was achieved (Figure 3). The formation can be described 
as consisting of mainly halite (coarse crystalline) with very 
rare occurrences of gypsum and anhydrite. Assaying from 
recent drillholes has given a composition range of 62–98% 
for halite. The current JORC compliant measured mineral 
resource is 309 Mt sodium chloride (NaCl) (Tellus, 2014).

Wireline logging was completed for CH001A, with the 
salt unit clearly defined by low gamma values. Formation 
tops correlate well across the project area. The full wave 
sonic data was used to tie the drillhole to the seismic line 
and allow the seismic model to be updated and refined. 
Figure 4 shows the extent of the Chandler Formation in 
relation to 2D seismic lines and drillholes.

Figure 1. Location of Tellus tenure, 
2D seismic lines, historic and recent 
drillholes.
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Figure 3. Salt core recovered from drillhole CH003
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Figure 4. Extent of the Chandler Formation in relation to 2D seismic lines and drillholes.
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Barry L Reno1,2, Eloise E Beyer3, Anett Weisheit3, Jo A Whelan1, Natalie Kositcin4 and Stefan Kraus1

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

2 Email: barry.reno@nt.gov.au
3 Northern Territory Geological Survey, PO Box 8760, Alice 

Springs 0871 NT.
4 Geoscience Australia, GPO Box 378, Canberra 2601 ACT, 

Australia.
5 Names of 1:250 000 and 1:100 000 mapsheets are shown in 

large and small capital letters, respectively, eg HUCKITTA, 
Jervois range.

Detailed geological mapping has been undertaken by 
the Northern Territory Geological Survey (NTGS) in 
the 1:100 000 special map area of Jervois range5 in 2013 
and 2014 under the CORE initiative. The primary aim 
of the program has been to investigate the geological 
evolution and the resource potential of the outcropping 
Palaeoproterozoic Aileron Province of the Arunta Region, 
which hosts significant copper and polymetallic base metals 
mineralisation through the study area, including the Jervois 
mineral field (eg McGloin and Weisheit 2015), which 
contains some of the largest undeveloped copper deposits 
in Australia. This study has also investigated the geological 
evolution of Neoproterozoic-Palaeozoic Irindina Province 
of the Arunta Region and the relationship of the Arunta 
Region basement with the overlying Neoproterozoic-
Palaeozoic Georgina Basin. Airborne magnetic and gravity 
data were interpreted to provide a framework for structural 
and solid geology investigations which were verified and 
complemented with field observations. Comprehensive 

petrological, geochemical and geochronological data indicate 
that the oldest exposed rocks in Jervois Range are marine 
clastic and chemical sediments deposited at ca 1790 Ma. 
Early, possibly bi-modal and syn-tectonic magmatism 
took place during or slightly after sedimentation, followed 
by felsic magmatism at ca 1780–1770 and 1755–1740 Ma. 
High-temperature, low-pressure metamorphism and 
progressive deformation affected the rocks of the Aileron 
Province between ca 1740 Ma and 1710 Ma. The contact 
of basement rocks to high-grade Neoproterozoic-Palaeozoic 
metasedimentary rocks of the Irindina Province is sheared, 
whereas the unmetamorphosed Georgina Basin sediments 
unconformably overlie the basement rocks. Major basement 
structures were re-activated during the long-lived Alice 
Springs Orogeny ca 450–300 Ma and juxtaposed basement 
rocks against sedimentary successions of the Georgina 
Basin. 

Regional Geological Setting

The Jervois range special map area is dominated by 
polymetamorphic and polydeformed basement rocks of the 
Arunta Region, which forms part of the North Australian 
Craton (Figure 1). The Arunta Region extends over an 
area of approximately 200 000 km2 and has a complex 
stratigraphic, structural and metamorphic history spanning 
the Palaeoproterozoic through to the Palaeozoic. The 
region can be subdivided into three provinces: Aileron, 
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Figure 1. Simplified geological map of Jervois range Special 1:100 000 map area showing the major structures and mineral occurrences 
and simplified geological map of the Arunta Region in central Australia (inset).
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Warumpi (not present in Jervois range) and Irindina, each 
with distinct protolith ages and stratigraphic and tectonic 
evolution. Previous NTGS mapping projects in adjacent 
1:250 000 and 1:100 000 mapsheets (Beyer et al in prep, 
Whelan et al in prep), as well as a range of university 
and industry investigations reveal a complex history for 
the eastern Arunta Region (see Scrimgeour 2013a, b and 
references therein), and provide a regional context for 
current studies in Jervois range.

The oldest known units exposed in the eastern Arunta 
Region include high-grade metasedimentary rocks of the 
Valley Metamorphics, which have maximum depositional 
ages ranging between ca 2514–2489 (Wade et al 2008, Whelan 
et al in prep) and the ca 1865 Ma Eaglebeak Amphibolite, 
both exposed in the Entia Dome in the Harts Range (Whelan 
et al in prep). In the Casey Inlier, Lander Rock Formation 
age equivalents are exposed in the eastern domain and 
have a maximum depositional age of 1845 ± 6 Ma (Worden 
et al 2008; Scrimgeour 2013a). However the vast majority 
of metasedimentary rocks were deposited predominately 
in a marine environment between ca 1860–1740 Ma, and 
intruded by various felsic and mafic suites between ca 1820 
and 1700 Ma (Scrimgeour 2013a). Previous studies have 
interpreted the oldest units exposed in Jervois range to be 
age-equivalents of the Strangways Metamorphic Complex. 
The Strangways Metamorphic Complex comprises 
granulite-facies seafloor metasedimentary rocks, as well 
as felsic and mafic (tholeiitic) intrusives with protolith 
ages between ca 1815 and 1780 Ma (Shaw et al 1979, 1983, 
Hoatson et al 2005, Hussey et al 2006). The Complex is 
divided into lower and upper sections based on lithological 
and geochronological differences. The lower Strangways 
Metamorphic Complex is a largely supracrustal succession 
dominated by granulite facies felsic, mafic and metapelitic 
rocks. These units are characterised by a unimodal zircon 
age6 population at 1810–1800 Ma in metasedimentary rocks, 
and the presence of metamorphosed seafloor alteration and 
small VHMS deposits (Scrimgeour 2013a). Interpreted 
correlatives of the lower Strangways Metamorphic Complex 
include the Kanandra, Deep Bore, Cackleberry and Bonya 
metamorphics in HUCKITTA and ALCOOTA (Beyer et al 
in prep, Scrimgeour 2013a). 

The Aileron Province experienced three major 
tectonometamorphic and magmatic events in the 
Palaeoproterozoic. The Stafford Event (1810–1790 Ma) is 
recognised in the northern and central Aileron Province 
and is characterised by high-temperature, low-pressure 
metamorphism and magmatism in compressional and 
extensional regimes. It is interpreted to reflect an active 
continental margin or back-arc environment affecting most 
of the Arunta Region (Claoué-Long and Hoatson 2005).

Following a phase of shelf sedimentation, an arc-related 
magmatic and metamorphic/deformational event variably 
affected the Aileron Province between ca 1780 and 
1770 Ma (Scrimgeour 2013a). The Yambah Event is 
contemporaneous with the Yapungku Orogeny in Western 

Australia interpreted as an active continental margin that 
led to the collision of the North Australian Craton with the 
West Australian Craton (Bagas 2004, Huston et al 2008). 

The 1735–1690 Ma Strangways Event is restricted 
to the eastern and south-eastern Aileron Province 
(Scrimgeour 2003). Multiple structural events, stages of 
metamorphism and pulses of magmatism are interpreted to 
have occurred during the Strangways Event (Scrimgeour 
2013a). Volumetrically minor felsic and mafic magmatism, 
as well as complex and varying compressional and 
extensional structures associated with the Strangways 
Event have been interpreted as reflecting a north-dipping 
active continental margin at the southern North Australian 
Craton (Maidment et al 2005, Betts and Giles 2006, 
Scrimgeour 2006, Claoué-Long et al 2008). Alternative 
settings include an intra-continental rift caused by slab 
rollback (Hoatson et al 2005) and collision of the North 
Australian Craton with Laurentia (proto- North America, 
Payne et al 2009).

The Irindina Province is a highly-metamorphosed 
Neoproterozoic to Cambrian sub-basin comprising a high-
grade metamorphic equivalent of the Centralian Superbasin, 
which includes correlatives of the Amadeus and Georgina 
basins (Buick et al 2005, Maidment 2005, Scrimgeour 
2013b). The province is approximately 10 km thick and 
occurs above a mid-crustal detachment that separates 
it from the structurally underlying Aileron Province. 
It is extensively exposed in the Harts Range in ALICE 
SPRINGS and northern ILLOGWA CREEK, with sporadic 
outcrop in southern HUCKITTA (Scrimgeour 2013). The 
Irindina Province comprises a thick metasedimentary 
succession (Harts Range Metamorphic Complex or HRMC) 
with subordinate igneous units, including metamorphosed 
basalts, mafic to ultramafic intrusions, granites and 
pegmatites. Rocks of the Irindina Province are strongly 
overprinted by Palaeozoic metamorphic events including 
the upper amphibolite- to granulite-facies 480–460 Ma 
Larapinta Event, and the lower amphibolite- to greenschist-
facies 450–300 Ma Alice Springs Orogeny (Scrimgeour 
2013b).

The Aileron Province in Jervois range is overlain in part 
by the Georgina Basin (Figure 1). The Georgina Basin is the 
largest of the intracratonic Neoproterozoic-Palaeozoic basins 
formed on the North Australian Craton, and its present extent 
is an erosional remnant of a series of interconnected basins, 
the earliest phases of which are included in the Centralian 
Superbasin (Munson et al 2013). Regionally the Georgina 
Basin has a depositional history ranging from the Cryogenian 
to Devonian, although only an incomplete succession is 
preserved in Jervois range (Kruse et al 2013). 

New results on Aileron Province rocks in Jervois range

The oldest known unit exposed in Jervois range is the Bonya 
Metamorphics, a high-temperature, low-pressure package of 
metasedimentary rocks with protoliths interpreted to be age-
equivalent to the lower Strangways Metamorphic Complex. 
The Bonya Metamorphics (formerly “Bonya Schist” of 
Freeman 1986) crop out extensively in the Bonya Hills in 

6 All ages were determined using the SHRIMP 207Pb/206Pb 
zircon method with uncertainty quoted at the 2σ level unless 
otherwise stated.
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western Jervois range and in the vicinity of the Jervois Mine 
area in the central northern sheet (Figure 1). The Bonya 
Metamorphics are divided into nine subunits, including 
mica schist, garnet, cordierite or andalusite porphyroblastic 
schist, quartzite, calcareous para-amphibolite, massive 
hematite-quartz rock and lower-grade equivalents. The 
Bonya Metamorphics form the host stratigraphy of a number 
of polymetallic and Cu-W occurrences in Jervois range 
including Cu-Pb-Zn-Fe-Ag iron oxide-massive sulphide 
deposits of the Jervois mineral field (eg Marshall Reward, 
Bellbird and Green Parrot) and the Cu-W deposits (eg Bonya) 
in close association with mafic intrusions in the Bonya Hills 
(McGloin and Weisheit 2015). The lithologies present in the 
package are consistent with an interbedded marine clastic 
and chemical sedimentary sequence, similar to the lower 
Strangways Metamorphic Complex. The polytectonic and 
polymetamorphic overprinting of these units preclude an 
interpretation of the stratigraphic order. 

Three samples of Bonya Metamorphics have been dated 
and yielded SHRIMP U-Pb zircon maximum depositional 
ages ranging between 1807 ± 21 and 1787 ± 6 Ma (Claoué-
Long and Hoatson 2005; Kositcin et al 2014, in prep) and 
are interpreted to constrain timing of deposition of the 
sedimentary protolith of the Bonya Metamorphics. New 
SHRIMP 207Pb/206Pb titanite ages from a calc-silicate para-
amphibolite within the Bonya Metamorphics are interpreted 
to record timing of high-temperature metamorphism 
at 1765 ± 11 Ma, and a second metamorphic overprint at 
1717 ± 6 Ma. A SHRIMP 207Pb/206Pb analysis of monazite 
from hydrothermally altered mafic schist within the Bonya 
Metamorphics yielded an age of 1739 ± 7, interpreted to 
record timing of high-temperature metamorphism (Kositcin 
et al 2014). 

In the Bonya Hills, the Bonya Metamorphics are 
interlayered with and rarely cross-cut by m- to 100 m-scale 
layered and banded quartz-feldspar ± biotite ± hornblende 
granitic and granodioritic orthogneisses (Figure 1, 
Figure 2a). These gneisses are grouped as the Mascotte 
Gneiss replacing the previous definition of Freeman (1986). 
New ages of 1794 ± 6 Ma and 1789 ± 3 Ma are interpreted 
to record timing of igneous crystallisation of the Mascotte 
Gneiss protolith, and an age of 1736 ± 7 Ma is interpreted 
to record metamorphic zircon growth (Kositcin et al 2011, 
Kositcin et al 2014). Based on the contact relationship 
with the Bonya Metamorphics and the new age data, the 
Mascotte Gneiss is interpreted as metamorphosed sills or 
dykes emplaced during or slightly after the deposition of the 
Bonya Metamorphics.

 The Bonya Metamorphics are extensively intruded by 
mafic rocks that are variably metamorphosed and deformed. 
The largest mafic intrusions include the Kings Legend 
Amphibolite in the Bonya Hills and the Attutra Metagabbro 
in eastern Jervois range, with smaller (cm-m scale) 
mafic dykes and bodies common throughout (Figure 1). 
Conformable contacts and occasionally cross-cutting 
relationship between the Kings Legend Amphibolite, Bonya 
Metamorphics and the Mascotte Gneiss are observed in the 
Bonya Hills (Figure 2b). Similar and continuous structures 
in the metasedimentary rocks and the Kings Legend 

Amphibolite, suggest intrusion prior to the first main 
deformation in the Bonya Hills. A large number of Cu-W 
occurrences in the area are found near or at the contact 
between the two units and typically concentrate along the 
main foliation trend (McGloin and Weisheit 2015). Outcrops 
of direct contact between the Attutra Metagabbro and 
Bonya Metamorphics in the east of the mapsheet were not 
observed, however interlayered mafic rocks in the Jervois 
Mine area are interpreted as sills or dykes that formed 
during the intrusion of the main gabbroic body. The Attutra 
Metagabbro forms km-sized, undeformed to schistose 
and gneissic bodies, ranging from fine- to coarse-grained. 
Cm-dm sized rafts of gneissic schlieren gabbro, as well as 
cm-dm sized xenoliths of layered calc-silicate rocks can be 
found in massive metagabbro (Figure 2c, d). Continuous 
structures in country-rock xenoliths and the schlieren 
gabbro indicate that the gabbros intrusion is syn-tectonic to 
the first deformation event in the country rock in the Jervois 
Mine area (see figure 7 in McGloin and Weisheit 2015). 

The Attutra Metagabbro yielded an age of 1786 ± 4 Ma, 
interpreted to record timing of magmatic crystallisation 
(Claoué-Long and Hoatson 2005, Figure 1). Although the 
Kings Legend Amphibolite has not been successfully dated, 
it and the Attutra Metagabbro are tentatively interpreted 
to represent the same magmatic event based on similar 
deformation history and field relationships with the Bonya 
Metamorphics. Mafic rocks in Jervois range, including the 
Attutra Metagabbro and Kings Legend Amphibolite, are 
largely hypersthene-normative low-Ti basalts with a light 
rare earth element (LREE)-enriched REE pattern indicating 
a degree of crustal contamination. Preliminary whole-rock 
Sm-Nd isotopic data indicate that the Attutra Metagabbro 
was derived from a source region with a significant depleted 
mantle component (εNd = +2.3) compared to the Kings 
Legend Amphibolite, which appears to have derived from a 
more isotopically evolved source (εNd = -1.1). 

Felsic magmatism associated with the Yambah Event 
is widespread in Jervois range. The Denara Orthogneiss 
is one of the more voluminous intrusions of this age, 
dominating the southern half of the mapsheet area 
(Figure 1). The Denara Orthogneiss is a strongly foliated 
and compositionally layered migmatite. Sub-mm-scale 
leucosomes and cm-scale leucosomes with peritectic phases 
including pyroxene are interpreted to represent sites of 
partial melt formation during metamorphism. Various stages 
of leucocratic layers are typically overprinted by complex 
isoclinal to open folding, indicating melt crystallisation 
occurred prior to and during deformation. Zircons from the 
Denara Orthogneiss yield an age of 1778 ± 5 Ma, interpreted 
as the age of crystallisation of the igneous protolith to the 
orthogneiss (Kositcin et al 2011, in prep). Zircon rims with 
an age of 1750 ± 4 Ma are interpreted to record timing of 
high-temperature metamorphism and migmatisation. 

Other felsic intrusives in Jervois range interpreted 
to have intruded during a similar period include the 
1771 ± 6 Ma Jervois Granite, a number of unnamed granites 
and granodiorites north and east of the Bonya Hills with 
magmatic crystallisation ages ranging from ca 1779 –1773 Ma, 
and a 1775 ± 5 Ma tonalitic dyke intruding the Attutra 
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Figure 2. Outcrop photographs of key observations sites: (a) Contact between plagioclase-amphibole bearing Mascotte Gneiss 
above the white dashed line, and dark biotite schists of the Bonya Metamorphics below the line. The biotite schists are included as 
xenoliths in the Mascotte Gneiss, indicating intrusive relationship. The main foliation is parallel in both units, (b) Migmatitic Denara 
Orthogneiss with in situ melt textures. The leucosome layers occur both parallel to and cross-cutting the main mylonite foliation. 
Ptygmatic folding of the leucosome is parasitic on larger-scale structures, a weak axial planar foliation is defined by mafic minerals, 
(c) Deformed calc-silicate xenolith of the Bonya Metamorphics within an early phase of the Attutra Metagabbro. Post-emplacement 
deformation of both units resulted in a schlieren texture, (d) A xenolith of early schlieren gabbro in a massive phase of the Attutra 
Metagabbro. This relationship and photo 2c suggest that early pulses of the Attutra Metagabbro intruded the Bonya Metamorphics 
syn-deformation, (e) Weak gneissic foliation in Attutra Metagabbro which is intruded by granodiorite, and (f) Exposed palaeosurface 
of a basement orthogneiss unconformably overlain by undeformed, weakly metamorphosed siltstone of the Georgina Basin.

Metagabbro (Claoué-Long and Hoatson 2005, Kositcin et al 
2011; Figure 1). The contact to the Bonya Metamorphics is 
intrusive, and a single pervasive to localised gneissic foliation 
in the meta-igneous rocks is parallel to the main foliation in 

adjacent Bonya Metamorphics. Tonalite dykes and bodies in 
the Attutra Metagabbro preserve boudin-like structures and 
the localised, single gneissic foliation deforms both gabbro 
and tonalite, indicating that the main deformation formed 
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after the intrusion of the ca 1770 Ma tonalite dykes (Figure 
2e). Based on similar overprinting structures, it is also 
expected that the Unca and Xanten granites in eastern Jervois 
range were emplaced during this time. These granitoids are 
biotite ± hornblende-bearing and have I-type compositions. 

Scattered occurrences of I-type granite, granodiorite 
and diorite in central, eastern and south-eastern areas of 
Jervois range are interpreted to record magmatism between 
ca 1755 and 1740 Ma (Kositcin et al 2011, Whelan et al 2014; 
Figure 1). Tectonothermal activity in this time period was 
first recognised in ILLOGWA CREEK, but has since been 
identified in HUCKITTA and NAPPERBY (Whelan et al 
2012, 2014, Beyer in prep). Although it is largely a high-
temperature, low-pressure metamorphic event, magmatism 
of this age is also being increasingly recognised in the 
eastern Arunta Region. In Jervois range, the 1755–1740 Ma 
intrusives form isolated, m-scale bodies lacking field 
relationships to other units in the mapsheet area. These 
granitoids are deformed by a localised gneissic foliation 
similar to the deformation in the Bonya Metamorphics 
and 1780–1770 Ma igneous suites, indicating that the main 
regional fabric must have developed after ca 1750 Ma.

Aileron Province rocks in Jervois range experienced 
a protracted Palaeoproterozoic tectonic and metamorphic 
history, with metamorphism recorded by titanite, zircon 
and monazite 207Pb/206Pb ages of 1765 ± 11 Ma, 1750 ± 4 Ma, 
1739 ± 7 Ma, 1736 ± 7 Ma and 1717 ± 6 Ma (Kositcin 
et al 2011, 2014, in prep). Coupled with observed field 
relationships, we interpret the localised gneissic structure 
within the Attutra Metagabbro, the intruding granodiorite 
and the 1755–1740 Ma magmatic suite, as well as the main 
foliation with observed peak-metamorphic assemblages in 
the Bonya Metamorphics in the Jervois Mine area, to have 
formed prior to the intrusion of the undeformed ca 1714 Ma 
Jinka Granite (Kositcin et al 2011) in the adjacent Jinka 
map area to the west (Figure 1, see figure 7 in McGloin and 
Weisheit 2015). Magmatism related to the Strangways Event 
has not been identified in Jervois range, though the timing 
of emplacement of deformed and undeformed pegmatites in 
the Bonya Hills, including the Samarkand Pegmatite north 
of the Bonya Hills (Figure 1), remains to be tested.

A hiatus of ca 900 Ma followed the Strangways 
Event in Jervois range with no evidence for magmatism, 
metamorphism or sedimentation. Early Mesoproterozoic 
Ar-Ar cooling ages in Jinka (Scrimgeour and Raith 
2001, G. Fraser, unpublished) indicate slow and long-
lasting exhumation of the basement until the formation of 
Neoproterozoic half-grabens (eg Greene, 2010).

Neoproterozoic sedimentation and Palaeozoic 
overprinting

Georgina Basin

The southern Georgina Basin in Jervois range has a 
maximum thickness of about 4–5 km, including ~ 1.5 km 
deep Neoproterozoic half-graben structures, as well as 
sedimentary sequences that were deposited until ca 360 Ma 
following several hiatus phases (Dunster et al 2007, 

Figure 1). Sedimentary rocks of the Georgina Basin are 
typically unmetamorphosed and have a generally flat-lying, 
angular unconformity contact with the underlying basement 
(Greene 2010, Figure 2f). Sedimentation was controlled by 
normal movements along major basement structures that 
later became re-activated as reverse faults (see below).

Irindina Province

Scattered outcrop of interlayered quartzite, biotite-rich 
gneiss and metapelitic schist in south-western Jervois 
range are assigned to the Irindina Province (Figure 1). 
A maximum deposition age of ca 985 Ma for a quartzite 
is consistent with the quartzite being a correlative of the 
basal Stanovos Quartzite of the Harts Range Metamorphic 
Complex that is found in the Harts Range region (Maidment 
2005, Maidment et al 2013, Whelan et al in prep). This 
suggests that the metapelitic schist and biotite gneiss in 
Jervois range are probable correlatives of the Pinnacle 
Gneiss in the Harts Range which has maximum deposition 
ages ranging from ca 955 to ca 820 Ma (Maidment 2005, 
Maidment et al 2013, Whelan et al in prep, Beyer et al 
in prep). Rims on zircon from the quartzite record new 
zircon growth at ca 470 Ma consistent with metamorphism 
during the 480–460 Ma Larapinta Event (Maidment 2005, 
Maidment et al 2013). The Larapinta Event is the dominant 
metamorphic event recognised in the Irindina Province. 
It is considered to be an extensional event with peak 
metamorphic pressures of up to 1.2 GPa implying burial 
depths of 30–35 km (Mawby et al 1999). Metamorphism, 
deformation and magmatism associated with the Larapinta 
Event are thought to have occurred at the base of a deep 
(at least 30 km), fault-bounded sub-basin of the Centralian 
Superbasin, in a transtensional, intraplate setting (Buick 
et al 2005, Maidment et al 2013).

Palaeozoic structural overprinting

Major tectonic overprinting of basin sediments in Jervois 
range occurred during the 480–460 Ma Larapinta Event 
and polyphase 450–300 Ma Alice Springs Orogeny (Kruse 
et al 2013). The Irindina Province in Jervois range shows 
structural features that differ from adjacent migmatitic 
Denara Orthogneiss of the Aileron Province (Figure 1). 
The north-western outcrops of the Irindina Province show 
gneissic to schistose main foliation and leucocratic layering 
that is oblique to sub-parallel to a compositional layering and 
axial planar to isoclinal folds. This early structure became 
overprinted by a locally developed second schistosity that 
formed axial planar to a second generation of isoclinal 
folds. In contrast in the south and south-eastern outcrops 
(Figure 1), structures are dominated by sedimentary 
layering, compositional layering and layer-parallel 
schistosity. The contact with structurally underlying Denara 
Orthogneiss is layer-parallel and sheared, with parallel 
fabrics in both Provinces within a kilometre of the contact. 
Migmatitic structures in the orthogneiss are overprinted 
by gneissic and schistose structures that continue as main 
structures into the Irindina Province rocks. Previous studies 
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in Jinka, immediately west of Jervois range, suggest that 
juxtaposition of the Aileron and Irindina provinces occurred 
around 450–440 Ma (Scrimgeour and Raith 2001).

Regionally major lower-amphibolite to greenschist 
facies shear zones form the contact between the Irindina 
and the Aileron provinces, which have been active during 
the Alice Springs Orogeny and caused juxtaposition and 
exhumation of the high-grade Irindina Province (Mawby 
et al 1999, Scrimgeour and Raith 2001). By contrast, 
structures in the unmetamorphosed Georgina Basin show 
evidence for reactivation of most Neoproterozoic graben 
faults as reverse faults and thrust faults which accompanied 
folding of the sedimentary succession. Reactivation of 
the graben structures during the Alice Springs Orogeny 
juxtaposed basement onto basin forming the present day 
structures (Haines et al 2001, Greene 2010). 

Major shear zones, faults and hydrothermal 
overprinting

Several major faults and shear zones are observed in outcrop 
and interpreted from geophysical images in Jervois range. 
They have three main orientations: NNW-striking (eg Mt. 
Playford Fault, Lucy Creek Fault, Bonya Fault, Charlotte 
Fault), NNE-striking (eg Jervois Fault, Unca Fault) and E-W-
striking (extent of Delny Shear Zone, Oomoolmilla Fault; 
Figure 1). Structural investigations suggest that all main 
structures were multiply reactivated, with the youngest 
deformation during the Palaeozoic Alice Springs Orogeny. 

The present day regional geology in Jervois range, 
mainly results from deformation during the Palaeozoic Alice 
Springs Orogeny. Deformation during the ca 450–440 Ma 
Rodingan Event resulted in steep, east-west trending, sinistral 
mylonitic shear zones and south-directed thrust structures 
throughout the eastern Arunta Region. These structures 
juxtaposed Irindina Province against Aileron Province 
rocks, resulting in complex, kilometre-scale duplex, pop-up, 
wrenching and thrusting structures (Collins and Teyssier, 
1989, Mawby et al 1999, Scrimgeour and Raith 2001). One 
of these structures, the east-west trending, steeply south-
dipping Delny Shear Zone, is interpreted on the basis of 

regional magnetic and gravity data to extend from the west 
into Jervois range (Figure 1). It is surficially expressed as 
local mylonitic and gneissic outcrops bounding the Irindina 
Province in western Jervois range, and forms a major 
geophysical structure between the Denara Orthogneiss and 
various 1780–1770 Ma granites in central and eastern Jervois 
range (Figure 1). Early, possibly Proterozoic southeast-side 
down activity in the central and eastern areas is overprinted 
by a reverse southeast-side up movement, juxtaposing the 
high-grade migmatitic orthogneiss against locally gneissic 
meta-granites, possibly during the Palaeozoic.

The NNW-striking Mount Playford, Lucy Creek and 
Charlotte faults are interpreted to have been first active 
during the Palaeoproterozoic. They were then reactivated 
during the Neoproterozoic as steep, west-dipping graben 
faults with ductile movement along the exposed basement. 
Brittle structures in basement rocks, folding and offsets of 
Georgina Basin sediments indicate a re-activation of these 
shear zones as slightly reverse, dextral faults, likely during 
ENE-WSW compression in the Pertnjara-Brewer Event 
(Greene 2003, Teasdale and Pryor 2002; Figure 1).

Ductile shearing and km-scale drag structures in basement 
rocks are observed parallel to the NNE–SSW trending faults 
(eg Jervois and Unca faults, Figure 1) reflecting dextral, 
east-side down shearing that resulted, for instance in the 
formation of the J-Fold and a northeast-southwest trending 
fold in the Bonya Hills area (McGloin and Weisheit 2015: 
figure 7). This early Palaeoproterozoic deformation post-
dates early movement along the NNW-striking structures. 
It is overprinted by southeast-side up movement, possibly 
related to Palaeozoic compression. Faulting of Aileron 
Province basement against Georgina Basin and steepening 
monoclinal folding of basin sediments along the Jervois Fault 
possibly occurred as a result of exhumation during the Alice 
Springs Orogeny (Figure 1). Reactivation of major NNE- and 
NNW-striking structures during the Alice Springs Orogeny 
is interpreted to be contemporaneous, indicated by variable 
relative overprinting relationships. 

Wide-spread and recurrent hydrothermal alteration, 
brecciation and veining have been identified in Jervois 
range (eg Whelan et al 2014, Figure 3a, b) concentrating 

Figure 3. (a) Hydrothermal quartz ± hematite vein breccias occur along all major fault and shear zone structures in basement lithologies. 
The steep ridges can be several km long and up to several m wide, and (b) K-feldspar altered gneiss along the Charlotte Fault. Unaltered 
gneiss (left hand side) gradually changes into a massive, K-feldspar and quartz zone with cm-sized minerals (right hand site).

a b

A15-073.ai
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along the major shear and fault structures, pre- and post-
dating oldest and youngest movement along the shear 
zones and the deposition of the Georgina Basin. Field 
relationships indicate that multiple fluid flow events 
occurred during the basement’s Proterozoic and Palaeozoic 
evolution. Hydrothermal overprinting is expressed by 
silica, potassic and iron-oxide alteration, sometimes 
associated with hydrothermal brecciation. Undeformed, 
km-long and up to 10 m wide ridges of quartz ± hematite 
veins and breccias formed after the major movements 
along the fault structures. 

Petrologic evidence for Palaeoproterozoic fluid flow 
and related element mobility include K-alteration rims on 
cordierite found in Bonya Metamorphics. In particular, 
this peak metamorphic event demonstrates the widespread 
mobility of Mo, W and Cu during associated metasomatism 
and the remobilisation of pre-existing base (Cu, Pb, Zn) 
and precious (Ag, Au) metal mineralisation in the Bonya 
Metamorphics (see also McGloin and Weisheit 2015). 
These processes may have relevance to the formation, 
remobilisation and potential ore grade enhancement of 
regional polymetallic deposits. 
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Introduction

The Jervois Project is located 250 km northeast of Alice 
Springs in the Northern Territory and is owned 100% by 
KGL Resources Pty Ltd (KGL).  Between September 2013 
and December 2014, KGL drilled 432 holes for 53 601 m 
at Jervois with up to three drill rigs on site, making it one 
of the most active explorers in the Territory.  Exploration 
drilling has focused on extending the existing resources 
down dip and along strike to evaluate the full potential of 
the project.  Drilling also tested several new prospects along 
the 12 km strike length to generate new satellite resources.  
A resource estimate based on drilling completed prior to 
July 2014 resulted in a significant increase in the global 
resource and was used as the basis of a pre-feasibility study 
(PFS) that was released in December 2014.  The studies 
have shown Jervois to be a technically and commercially 
feasible project with strong upside from planned additional 
drilling and metallurgical work.

Geological setting

Copper and lead-zinc mineralization at Jervois is hosted 
by a lower to middle amphibolite grade metasedimentary 
sequence of the Bonya Metamorphics (Reno et al 
2015).  The Bonya Metamorphics is a unit within the 
Palaeoproterozoic Aileron Province of the eastern Arunta 
Region that reached peak metamorphic conditions during 
the regionally extensive high-T low-P Strangways Event 
at ca 1735–1690 Ma (Collins and Shaw, 1995).  The 
sediments have been strongly deformed and display a 
well-developed D2 foliation and isoclinal folding, which in 
turn has been refolded during D3 to form the characteristic 
J-shape range.

Mineralisation is stratabound in a series of sub-vertical 
lenses over a strike length of 12 km on KGLs tenement.  The 
main deposits discovered are Marshall-Reward and Bellbird, 
4 km to the southwest (Figure 1).  Other smaller deposits along 
the trend include Green Parrot, Bellbird North, Rockface-
Rockhole, Cox’s Find and East Reward.  Marshall-Reward 
and Bellbird are predominantly Cu-Ag/Au mineralisation 
hosted by garnet-biotite-magnetite quartzite and schist but 
Reward also contains boudinaged lenses of Pb-Zn sulphide 
mineralisation associated with calc-silicate units.  Green 
Parrot is Pb-rich but also contains Zn-Cu-Ag and is hosted 
by calc-silicate rocks.  In historical company reports the style 
of mineralisation has been described as having similarities 
to SEDEX, VMS, BHT, IOCG and skarn type deposits or a 
combinations of these (Whelan et al 2012).  Based on recent 
research by the NTGS and CSIRO, there is now consensus 
that the mineralisation is stratabound, sediment-hosted and 
has most affinity with SEDEX and VMS deposits.

Exploration and mining history

Jervois has had a long history of exploration and mining, 
the early years of which are documented in a book by 
Kurt Johannsen (Johannsen 1992).  Copper was discovered 
at Jervois in 1929 during a muster of stray cattle on a track 
from Tobermorey on the Northern Territory border.  Kurt 
Johannsen acquired the leases in the 1950s and mined copper 
carbonate initially for the fertilizer industry and later as a flux 
for the smelter at Mount Isa.  The first modern exploration 
was conducted by New Consolidated Goldfields in the early 
1960s and later by Petrocarb and Plenty River Mining which 
briefly mined lead and silver at Green Parrot in the 1980s.  
From 1999 to 2001 Mount Isa Mines farmed into the project 
and conducted a detailed induced polarisation (IP) survey 
followed by diamond drilling.  Kentor Gold Ltd, now KGL 
Resources Ltd, acquired Jervois with the takeovers of Jinka 
Minerals in 2011 and since then has conducted reverse 
circulation, diamond drilling and geophysical programmes.

KGL Resources exploration

KGL released an inferred category mineral resources estimate3 

for the Jervois Project in 2011 based on historical information, 
totalling 8.8 Mt @ 1.3% Cu, 26.7g/t Ag for 113 000 t of 
contained copper.  Reward was the largest resource, followed 
by Bellbird and the smaller Green Parrot.  Jervois was 
considered to be a copper-silver project with the lead-zinc 
mineralization at Bellbird North, Green Parrot and Killeen 
regarded as of limited economic value.  Drilling in 2011-12 
intersected additional high-grade copper mineralization at 
depth, particularly in drillholes RJ169 and RJ204W1:

RJ169 72 m @ 3.3% Cu, 51.2 g/t Ag, 1.16 g/t Au 
from 414 m

RJ204W1 9.05 m @ 4.9%Cu, 66.2g/t Ag, 1.22g/t 
Au from 509 m

These new zones resulted in a 50% increase in inferred 
and indicated mineral resources to 13.5 Mt @ 1.3% Cu, 
25.8g/t Ag, and the release of the maiden gold inferred 
mineral resource containing 69 000 oz.  

In 2013 KGL commenced a major drilling program to 
substantially increase the resource at Jervois and test the 
full potential of the project prior to a planned PFS due for 
release in late 2014.  Drilling was designed on an 80 m by 
50 m grid with the aim of increasing resources rather than 
upgrading resources to measured and indicated categories.  
Key target areas were Reward and Bellbird with additional 
drilling also planned for Rockface-Rockhole, Cox’s Find 
and East Reward in order to generate the first mineral 

3 All mineral resource estimates referred to in this paper 
were prepared in compliance with the Australasian Code for 
Reporting of Exploration Results, Mineral Resources and Ore 
Reserves (JORC Code).
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resource estimates for these prospects.  The drill program 
was staged so that results from the first stage of step out 
drilling along strike and at depth could be used to plan the 
second stage.

The first surprise came with the intersection of massive 
lead-zinc mineralisation at depth in the central portion of the 
Reward deposit.  Drilled from east to west, hole KJCD048 
intersected 57 m @ 0.15% Cu, 0.46% Pb, 1.62% Zn, 42.7g/t 
Ag from 230 m but then unexpectedly intersected massive 
sulphide associated with calc-silicate rocks at 287 m 
(Figures 2, 3):  

KJCD048 18 m @ 19.63% Pb, 3.77% Zn, 0.88% Cu, 
732.3g/t Ag, 0.61g/t Au from 287 m

A similar zone of lead-zinc rich massive sulphide 
was intersected in hole KJCD092 to the south.  Further 
drilling revealed the lead-zinc mineralisation to be poddy 
in distribution (Figures 2, 3), possibly because the calc-
silicate (carbonate) host is relatively competent and formed 
boudins during regional D2 deformation and flattening.  The 
discovery of the new lead-zinc mineralisation at Reward 
and the extension of lead-zinc mineralisation at Green 

Figure 1. Jervois Project – Geology and prospect locations.



106

AGES2015

Parrot and Bellbird changed the perception of Jervois from 
a copper project to a polymetallic project.

The second surprise came with the increasing size of the 
gold resource at Jervois, which has also caused a change in 
the perception of the project.  Much of the historic drilling 
was conducted with a focus on copper or lead with little 
interest in gold because of depressed prices. After KGL 
acquired the project all new drillholes were assayed for gold 
allowing the first reported gold resource in 2012.  Holes 
drilled as part of the 2013-14 program were assayed for 
a suite of 34 elements including gold.  As additional gold 

Figure 2. Marshall-Reward resource long section showing copper grade-thickness.

Figure 3. Marshall-Reward resource long section showing lead-zinc grade thickness.

analyses have become available, the distribution of gold 
has been revealed and the gold resource has grown.  More 
recently, drillhole JOC268 intersected a broad zone of gold 
mineralisation at the southern end of Reward:

JOC268 28 m @ 2.49g/t Au, 1.55% Cu, 0.14% 
Pb, 0.13% Zn, 37.8g/t Ag from 2 m.

In May 2014 KGL commenced the first of two shallow 
drilling programs to better test the distribution of copper 
within the oxide profile and to better delineate the base 
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of complete oxidation and top of fresh rock.  These 
boundaries are important because copper carbonates like 
malachite require additional processing to enable recovery 
by flotation.  The drilling revealed that there is little or no 
completely oxidised material but rather a thick transition 
zone with supergene enrichment of copper.  The copper 
mineralisation is dominated by chalcopyrite at depth but 
within the transition zone, it consists of bornite, chalcocite 
and malachite.  The existence of chalcocite is significant 
as this copper-rich mineral can be recovered by flotation, 
significantly increasing the economic value of the open 
pits.

Following the completion of the main program of resource 
extension drilling, a deep diamond hole was designed to test 
for possible extensions to the Reward resource at depth.  The 
modelled resource and all previous drilling is limited to a 
vertical depth of 500m below surface.  The deep hole was 
designed to test the interpreted extension of the resource 
at a vertical depth of 800m, requiring a ~1300 m drillhole.  
KJD010W1 was targeted to intersect possible mineralisation 
below the high-grade copper zone at the northern end of 
the Reward resource.  The hole intersected veined and 
disseminated chalcopyrite at 1100 m, representing the 
possible down dip extension of the Reward resource:

7 m @ 2.07% Cu, 1.06% Pb, 2.41% Zn, 92.1g/t Ag, 
0.18g/t Au from 1100 m

Including:
2 m @ 4.75% Cu, 1.68% Pb, 1.94% Zn, 156.1g/t Ag, 

0.25g/t Au from 1105 m.

Significantly the hole also intersected 1.6m of semi-
massive lead-zinc mineralization in calc-silicate rocks 
at a depth of 1062 m in the hangingwall of the copper 
mineralization:

2 m @ 12.02% Pb, 0.40% Zn, 0.06% Cu, 473g/t Ag, 
0.15g/t Au from 1062 m

7 m @, 4.25% Pb, 2.98% Zn, 0.60% Cu 53.4g/t Ag, 
0.07g/t Au from 1070 m

This appears to be another lens of the lead-zinc 
mineralization intersected in KJCD048 described above, 
and supports the description of Jervois as a polymetallic 
resource.  It also illustrates that there is good potential to 
increase the size of the resource at Jervois despite the extent 
of previous drilling.

Downhole electromagnetic surveys (DHEM) have been 
conducted on a selection of holes at Marshall-Reward and 
Bellbird.  The DHEM has successfully located conductors 
coincident with zones of high-grade copper (>2% Cu) 
and lead-zinc mineralization.  A survey on the deep hole 
KJD010W1 under Reward revealed several in-hole and near 

off-hole conductors but did not locate any large off-hole 
conductors.  A large off-hole conductor was modelled in 
drillhole RJ237W1 directly above KJD010W1 (Figure 4).  
The conductor extends down dip 200 m suggesting that the 
resource may extend towards and possibly link with the 
mineralization intersected in KJD010W1.

Jervois – future work

Following the favourable outcome of the PFS and 
identification of several new high-grade areas along 
strike and at depth, work is underway to further enhance 
the economics of the project by conducting additional 
studies on the metallurgy, geotechnical parameters and 
resource extensions.  A drilling program commenced in 
February 2015 to extend the indicated resources within 
the open pits.  Drilling will also target extension to the 
underground resources, particularly at Bellbird.  Bellbird 
has been secondary in size and importance to Marshall-
Reward although recent good drilling results have shown 
the potential for it to become at least equal in size.  The 
northern down plunge extension of Bellbird remains open 
and is a high priority target.  New soil geochemistry and 
geological mapping has also identified new mineralized 
trends that remain to be tested.  

Research by the NTGS and CSIRO has already greatly 
improved the understanding of mineralization at Jervois 
and is assisting with the creation of a genetic model.  The 
research is continuing and will incorporate results from the 
recent deep hole under Reward that has been scanned with 
Hylogger. The results will be made public at AGES 2015.  
Geological mapping is continuing and a re-interpretation of 
the geophysical data is planned that will form the basis of a 
new 3D geological model.

An updated resource estimate will be undertaken 
following a drill program in early 2015 and will lead into an 
update of the PFS due mid-2015.
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water column. The term ‘clastic-dominated sediment-hosted’ 
is preferred (see Leach et al 2010; Wilkinson 2014). 

The Jervois mineral field and the Bonya Hills of the 
eastern Arunta Region host numerous polymetallic, Cu-
only, Cu ± W and W mineral occurrences. These include 
several metamorphosed Cu-Pb-Zn-Fe-Ag massive sulphide 
deposits and prospects of KGL Resources’ Jervois Project, 
and many Cu and W mineral occurrences such as the 
historic Bonya Copper Mine within Rox Resources’ Bonya 
Project. Despite these discoveries, the characteristics and 
processes involved in this mineralisation remain poorly 
understood, with a lack of consensus on genetic models. 
This study begins to characterise the mineralisation styles 
and determine their genetic origins. It provides for the first 
time, an evidence-based genetic model that accounts for 
the metallogenesis, and more regionally, the nature, timing 
and setting of sedimentation, magmatism, metamorphism 
and deformation. Initial results include new lithological 
and structural mapping, and petrology, geochemical, 
geochronological and isotopic datasets. These results are 
consistent with at least two different mineralisation events: 

1. Early sediment-hosted polymetallic mineralisation at 
Jervois formed during a syn-depositional to epigenetic 
process at ca 1790 to 1770 Ma. A hybrid between a 
clastic-dominated, sediment-hosted (SEDEX3) and a 
volcanic-associated massive sulphide deposit (VAMS) 
is the most likely mineralisation model.   

2. Later vein-related Cu-only and Cu-W ± Mo mineralisation 
was introduced regionally contemporaneous with the 
end of the Strangways Event at ca 1705 Ma, probably 
related to syn-tectonic magmatism and metasomatism. 
During an earlier regional metamorphic event, some 
pre-existing Jervois mineralisation was remobilised, 
deformed and metamorphosed.

These findings have important implications for base metal 
prospectivity in the eastern Aileron Province, and for expanding 
the mineral resources of known deposits in the region. 

Characterisation of regional host stratigraphy

The Bonya Metamorphics dominate the regional stratigraphy 
and host all known polymetallic, Cu and W occurrences 
in the region (Figure 1). These are a polymetamorphosed 
succession of various metapelitic schists (dominantly 
muscovite-biotite ± cordierite ± sillimanite schist), minor 
quartzites, metasandstone, calc-silicate rocks and less altered 
marbles, as well as purportedly chemical metasediments 

and metavolcanics (eg Dobos 1973, 1978; Peters et al 
1985, Reno et al 2015). Maximum depositional ages for 
the Bonya Metamorphics range between ca 1807–1786 Ma 
(Claoué-Long and Hoatson 2005; Kositcin et al 2014, in 
prep). Regional high-T, low-P metamorphism of the Bonya 
Metamorphics reached upper-amphibolite-facies conditions 
in the Jervois and Bonya Hills areas, and is responsible 
for the metamorphosed and altered nature of the regional 
stratigraphy (Scrimgeour and Raith 2001, Scrimgeour 2013, 
Reno et al 2015). 

Host rock lithogeochemistry from the Bonya 
Metamorphics adjacent to the Jervois deposits do not 
indicate any compelling evidence for dominant volcanic or 
magmatic rocks (either felsic or mafic) in the mineralised 
sequence. One exception is pegmatite intrusions, whilst the 
sequence may also contain minor subvolcanic intrusions 
and possible interbedded volcaniclastic rocks (discussed 
below). Most geochemical data plots in two groups (non-
hydrothermal clastic sediments and chemical sediments) 
using the ternary Al-Fe-Mn plot of Spry et al (2000), 
consistent with an interbedded clastic and chemical 
sedimentary package (Figure 2). Some lithologies are 
zircon-poor with an unusual mineral assemblage of quartz-
iron oxide-garnet ±  apatite and accessory minerals, and 
enrichment in Fe-Mn-Mg-Ca. A similar study at Broken 
Hill suggests these features indicate chemical sediments 
within the protolith sequence (Raveggi et al 2015). Thin 
banded calc-silicate rock is found between clastic quartz-
rich sediments and probably represents protolith marlstone. 
Some very minor cherty bands with gut-like textures may 
represent former evaporitic layers. Marbles that commonly 
transition into skarnoid and calc-silicate rock, contain 
diopside, actinolite, garnet, epidote, calcite and trace 
fluorite. Fine-grained laminated and stratiform tourmalinite 
is found at several localities in the J-Fold at Jervois and in 
the Bonya Hills. Many tourmalinites appear to have formed 
before peak metamorphism as they show minor folding 
and shearing. Magnetite-rich sediments are also present 
regionally and bear some resemblance to banded iron 
formation (BIFs), although their origins remain disputed. 

Local magmatic units 

The Bonya Metamorphics are intruded by several mafic and 
felsic plutons, as well as minor units that have previously 
been interpreted as felsic extrusives or intrusions (eg Teale 
1982, Peters et al 1985). Dark-green orthoamphibolite 
intrusive sills envelope the J-Fold in the south and near 
the Marshall-Reward deposit. They are conformable with 
the regional foliation suggesting intrusion before regional 
metamorphism. They comprise recrystallized plagioclase, 
hornblende, chloritised biotite, and minor late quartz. 

4 All geochronological ages were acquired employing the 
SHRIMP U-Pb zircon technique unless otherwise stated.
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Hornblende appears to replace original igneous minerals; 
and chalcopyrite and pyrite are present in the groundmass. 
This unit can be geochemically characterised as altered 
tholeiitic metagabbro enriched in Fe, Cr, Ni, Ti, V, Cu, Zn 
and Pb compared to average upper crustal compositions. 
The sills have similar geochemistry and mineralogy to the 
large Attutra Metagabbro body and related tonalite dykes 
that outcrop northeast of the J-Fold, that were emplaced at 
1786 ± 4 Ma and 1776 ± 5 Ma respectively (Claoué-Long 
and Hoatson 2005). Geochronology of these sills is ongoing, 
however they are probably part of the same magmatic 
event as the Attutra Metagabbro. Similarly in the Bonya 
Hills, the Kings Legend Amphibolite intrudes the Bonya 
Metamorphics; however its potential temporal and genetic 
relationship to the Attutra Metagabbro remains uncertain. 

Felsic magmatism of similar ages is also reported 
regionally in HUCKITTA5. In the Bonya Hills, banded and 

layered quartz-feldspar ± amphibolite orthogneisses ≤ 2m 
thick (one dated at 1794 ± 6 Ma), part of the Mascotte Gneiss 
Complex, have been tentatively interpreted as monzogranite 
sills, vulcanites or tuffs (Kositcin et al 2014). Near the 
Bonya Airstrip, weakly porphyritic felsic gneiss comprising 
granoblastic quartz and coarse-grained sericitised 
plagioclase is considered a granodiorite protolith, dated at 
1771 ± 6 Ma (Zhao and Bennett 1995). Adjacent to Bonya 
Mine, a former granodiorite has yielded a crystallisation 
age of 1789 ± 3 Ma  (Kositcin et al 2011), whereas a felsic 
intrusive near the Kings Legend Cu prospect, has an age of 
1778 ± 5 Ma (Hussey et al 2003). 

In the southern J-Fold near the Bellbird deposit, a 
fluorite-bearing pit was investigated to determine the 
protolith of the metamorphosed felsic host rocks. In the 
southern pit wall within a veined fluorite-rich zone, a 
highly altered fine-grained powdery rock containing a 
quartz-plagioclase-sericitised matrix hosts quartz and 
altered plagioclase phenocrysts. The associated fluorite and 
alteration may suggest this unit has been metasomatised, 
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5 Names of 1:250 000 and 1:100 000 mapsheets are shown in large 
and small capital letters, respectively, eg HUCKITTA, Jinka.
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leaching F and K. The mineralogy is consistent with 
either a felsic immature clastic sediment, volcaniclastic 
or (sub) volcanic rhyolite intrusion. In the eastern wall, a 
1 m thick layer hosts angular and sheared augen-shaped 
clasts composed of recrystallized quartz grains within a 
finer matrix of metamorphosed quartz, highly sericitised 
plagioclase and chloritised and foliated biotite (Figure 3a). 
The highly inconsistent grain size variation may indicate a 
poorly sorted felsic volcaniclastic protolith, with the high 
SiO2 (79.56 %) and incompatible element concentrations 
of this layer (except Zr at 130 ppm) consistent with either 
a felsic (sub) volcanic rhyolite, or a quartz-rich (volcanic) 
sediment. The highly metamorphosed texture makes 
this interpretation inconclusive however ongoing zircon 
geochronology may distinguish and date this potential 
volcanic episode. Previous identification of rhyolite units in 
quartz-sericite (feldspar) schist adjacent to mineralisation 
at the Jervois Mine (Peters et al 1985) was re-assessed. 
Figure 3b shows resorbed bi-pyramidal anhedral quartz 
isolated in a fine-grained matrix, with cleaved metamorphic 
biotite. Sedimentary sorting processes typically separate 
different grain sizes, thus the porphyritic texture may 
indicate a rhyolite lava or subvolcanic intrusion. 

Pegmatites overprint mineralisation at Green Parrot and 
Marshall-Reward. Although similar geochemically, there 
may be several pegmatite suites. These pegmatites are highly 
fractionated, subalkaline and enriched in P2O5, Nb, Ta, Be 
and Bi. They contain phenocrysts of quartz, K-feldspar, 
albite and large euhedral muscovite. Accessory minerals 
include fluorite, hematite, pyrite, minor chalcopyrite and 
galena, as well as apatite, metamict zircon and columbite, 
and in one pegmatite, Bi-rich minerals. Where pegmatites 
have intruded metasedimentary rocks, muscovitisation 
and pink hematite staining are evident. Some pegmatites 
show evidence for deformation and metasomatism after 
their emplacement. At Reward, pegmatite in contact with 
muscovite schist, contains chloritised peak-metamorphic 
garnets with blebby chalcopyrite inclusions on grain 
boundaries between quartz and muscovite, suggesting 
pegmatite intrusion before peak metamorphism. 

Two pegmatites from Reward and a large folded 
pegmatite that cross-cuts mineralisation in the Green 
Parrot pit were dated. Highly radiogenic metamict zircons 
indicate a highly fractionated melt, but were unsuitable 
for U-Pb dating and U-Pb apatite dating was used instead.  
A relatively unaltered red pegmatite at Reward produced 
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Figure 2. Evidence for hydrothermal activity at Jervois. (a) An example of a typical garnet-bearing chemical metasediment at the 
Reward deposit. (b) Photomicrograph in XPL showing a typical chemical metasediment from the Reward deposit with opaque garnets 
in a muscovite-quartz-sericite schist with minor magnetite. (c) Al-Fe-Mn ternary plot (mole %) of drill core assays from the Jervois 
Mine area, indicating the compositional fields for metalliferous and non-hydrothermal sediments (adapted from Spry et al 2000). 
(d) Image of a typical tourmalinite found near the Marshall-Reward deposit. 
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an age of 1756 ± 17 Ma, whereas a grey, K-feldspar-
poor, muscovitised pegmatite that probably represents 
a metasomatised version of the red pegmatite, yielded a 
1532 ± 83 Ma age. The Green Parrot pegmatite produced 
an age of 1416 ± 52 Ma. The results support pegmatite 
emplacement at ca 1760 Ma, followed by either apatite 
reset during hydrothermal alteration at ca 1530 and 
1416 Ma, or further later pegmatite intrusion. Preliminary 
Pb-Pb columbite dating of the same pegmatites produced 
ca 1750 Ma ages (Thompson pers comm 2015). This 
supports the reliability of the apatite dating because 
refractory columbite is more robust and less sensitive to 
isotopic reset during alteration. These pegmatites are most 
likely related to a regional magmatic event that emplaced 
highly-fractionated felsic granitoids (including locally the 
Jervois, Unca and Xanten granites) at ca 1760 Ma. 

The emplacement of the locally undeformed Jinka 
Granite and other felsic intrusions at ca 1715 Ma (Kositcin 
et al 2011, Whelan et al 2013) postdates peak metamorphism. 
At the Jericho W Mine and the Samarkand W prospect, 
tourmaline-bearing pegmatites and quartz-tourmaline 
veins are intimately associated with scheelite ± malachite 
mineralisation. Similar quartz ± tourmaline veins are 
present in the Jervois mineral field (not to be confused with 
the tourmalinites discussed above), but few Samarkand 
pegmatites have been identified. Their lack of deformation 
and their association with skarnoid calc-silicate suggests 
syn-peak to post-peak metamorphic ages. 

Local mineralisation and lode characteristics 

KGL Resources’ Jervois Project hosts several polymetallic 
Cu-Pb-Fe-Zn-Ag massive sulphide deposits and prospects 
(see Bennett et al 2015). No further polymetallic sulphide 
deposits have yet been discovered in the Jervois mineral 
field or Bonya Hills. However, these areas host about 80 

small Cu-only and W-Cu occurrences in amphibolite and 
calc-silicate (eg Freeman 1986, Schoner 2000, Riemer 
2000), including Rox Resources’ Bonya Copper Mine 
where high-grade chalcopyrite-pyrite mineralisation was 
recently drilled (see Belbin, 2015). 

Jervois (Marshall-Reward, Bellbird and Green Parrot 
deposits and nearby mineral occurrences)

The majority of stratabound and stratiform sulphide 
mineralisation (predominantly galena, pyrite, sphalerite 
and chalcopyrite) is hosted within pelitic schist, 
calc-silicate rock, marble and quartzite that contain 
varying amounts of garnet, magnetite and chlorite 
(Figure 4). In several deposits, areas of partly-oxidised 
malachite ± azurite ± chrysocolla ± minor bornite, 
chalcocite and native Cu mineralisation are found, either 
at shallow depth, in carbonate, or in minor fault zones. 
Some old workings also contain cerussite and smithsonite. 
Sulphide mineralisation typically forms in sub-vertical 
lenses and may be massive, semi-massive, layered, veined or 
disseminated, with the mineralogy and element enrichment 
variable throughout the deposits and prospects depending 
on the lithology and stratigraphic position. The Marshall-
Reward and Bellbird deposits contain more Cu-rich pyrite-
chalcopyrite lodes hosted in clastic and chemical sediments. 
In comparison, the Pb-Zn-rich Green Parrot deposit contains 
more carbonate, with mineralisation hosted in galena, 
sphalerite, Zn-rich metamorphic minerals, chalcopyrite, 
pyrite, bornite and chalcocite. Killeen is an example of a 
Zn-Cu-rich prospect. Cu-rich zones in all deposits can 
have elevated Au contents, particularly at the southern 
area of Reward, whereas Ag is always associated with Pb-
rich zones. Scheelite-chalcopyrite-molybdenite W-Cu-Mo 
occurrences are also found, whereas U enrichments are 
associated with coffinite in late hematite-altered zones. 

ba

A15-088.ai

Figure 3. Potential but not conclusive evidence for volcanic units in the J-Fold. (a) An example of a metamorphosed felsic unit near 
Bellbird hosting angular and sheared augen-shaped clasts composed of recrystallized quartz. The unit may represent a felsic (sub)
volcanic rhyolite or a quartz-rich (volcanic) sediment. (b) Photomicrograph of a quartz-sericite schist from near Green Parrot showing 
potential porphyritic textures that led to previous interpretation as a rhyolite, but yet may still indicate a (volcanic) sediment (from Peters 
et al 1985). 
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Figure 5 shows that the majority of Fe, Mn, Cu, 
Pb and Zn enrichment in the J-Fold is associated with 
chemical sediments. Textural evidence indicates early 
stratiform and laminated zoned Pb-Zn-Ag and/or 

Fe-Cu sulphides hosted in sediments, as well as many 
tourmalinite occurrences concordant with J-Fold strata. 
The variable sulphide mineralisation styles can further be 
explained by the remobilisation and polydeformation of 
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Figure 4. Regional mineral occurrence characteristics. (a) An example of massive polymetallic Pb-Cu-Zn mineralisation at the Reward 
deposit. (b) Evidence for early pyrite ± chalcopyrite mineralisation at the Green Parrot deposit. (c) Evidence for pre-existing sulphides 
before metamorphism from the Reward deposit, demonstrating sulphides and magnetite hosted within metamorphic garnet. (d) Mineralised 
drill core from Bonya Mine showing chalcopyrite-pyrite within quartz-hematite veins (Photo courtesy of Rox Resources Ltd).
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Figure 5. Comparison of average 
total Fe, Mn, Si, Na, Cu, Pb and Zn 
concentrations between hydrothermal 
(chemical) and non-hydrothermal 
(clastic) sediments. The plot indicates 
that Cu, Pb, Zn, Fe and Mn are largely 
associated with chemical sediments. 



113

AGES2015

pre-existing mineralisation during metamorphism. As such, 
mineralisation is now hosted in re-folded isoclinal folds. 
Evidence for pre-existing sulphides before metamorphism 
includes peak-metamorphic garnet and staurolite that 
contain magnetite and sulphide inclusions, and gahnite 
in Zn-rich lodes (eg Teale 1982).  Where some carbonate 
lithologies have been metamorphosed, a skarnoid calc-
silicate assemblage contains magnetite-diopside-quartz-
garnet-hornblende-fluorite with remobilised chalcopyrite, 
galena and sphalerite. Evidence also exists for post-peak 
metamorphic hydrothermal events that further introduced 
or remobilised mineralisation. This includes calc-silicate 
rock and marble zones that host minor enrichment in 
scheelite or molybdenite with remobilised chalcopyrite-
pyrite ± chalcocite that cross-cuts peak metamorphic 
foliation in places, associated with quartz, epidote or fluorite. 
Late calcite ± pyrite ± chalcopyrite and fluorite-carbonate-
hematite-chlorite veins also cross-cut this foliation.  

Bonya Hills (Bonya Mine and local Cu and W occurrences)

Some 49 Cu ± W and 13 W-Cu occurrences have been 
located within the Bonya Hills. Cu-only or Cu ± W 
mineralisation (typically as malachite on surface, but 
as pyrite, chalcopyrite and chalcocite where preserved; 
see Figure 4) is always found at or near the contact with 
the Kings Legend Amphibolite, which is commonly 
epidotised, and/or with pegmatites associated with quartz, 
hematite ± epidote. Scheelite is commonly found associated 
with minor to large amounts of copper mineralisation in calc-
silicate or pegmatite host rocks. At Bonya Mine, some fresh 
chalcopyrite, pyrite and bornite is evident in abandoned 
malachite, azurite and chrysocolla mineralisation, hosted 
in quartz-hematite veins. In the old workings and near the 
shaft, mineralisation is found at the contact between highly 
altered Bonya Metamorphics [sillimanite-muscovite and 
magmatic quartz-feldspar-muscovite schist, and minor 
pinkish altered calc-silicate rock and mafic amphibolite 
(probably Kings Legend Amphibolite)], and interlayered 
bands of Mascotte Gneiss (tourmaline gneiss cross-cut by 
late quartz tourmaline and epidote veins). Mineralisation 
is also found adjacent to a quartz-K-feldspar-tourmaline 
pegmatite, and appears to follow the peak-metamorphic 
foliation. 

Cu and W occurrences have high-grade Cu (mean 
~8 wt. %) and variable W (≤ 3.3 wt. %), but do not contain 
elevated Pb, Zn or Ag concentrations. The Cu mineralisation 
is associated with S and minor Co enrichment. Some locations 
associated with pegmatites and/or calc-silicate rocks also 
contain Mo (≤ 236 ppm) and Bi (≤ 0.4%) enrichment. 
Near contacts with the Kings Legend Amphibolite, which 
are commonly epidotised, mineralisation has elevated 
Ni (≤ 559 ppm) or Au (≤ 510 ppb) concentrations. Rox 
Resources’ drilling assays from Bonya Mine indicate that 
Cu is associated with significant Fe and S, moderate Ag, Bi 
and Co, minor Au, and sporadic Mo, W and U enrichment. 
Mineralised zones have low Al2O3, Ca, Mn, Mg, K2O and 
Na2O concentrations probably because of silicification and 
addition of Fe oxides. 

New isotopic age constraints on the timing of 
mineralisation 

No lode-related galena or molybdenite has been observed 
in the Bonya Hills however Pb-Pb galena and Re-Os 
molybdenite dating was attempted on Jervois samples from 
the Green Parrot and Marshall-Reward deposits. Based on 
the regional Pb model (eg Warren et al 1995, Hussey et al 
2005), 13 galena samples produced ages between ca 1789 
and 1782 Ma (1786 Ma mean, consistent μ = 13.4), with data 
indicating the mixing of two Pb sources. Most of the typically 
fine-grained samples were from locations conformable 
with bedding or with minimal evidence for alteration and 
deformation. Further samples were from carbonate and 
quartz veins that cross-cut garnet-rich host rocks, or sulphide 
disseminated within skarnoid rocks. Given that some 
galena has clearly been remobilised yet has similar ages 
to presumably primary galena samples, this suggests that 
later deformation events did not cause widespread isotopic 
contamination in some early galena. This is supported 
by consistent μ values of ~13.4 for these samples. Further 
samples produced ages of ca 1772 and 1767 Ma. Two samples 
produced ages of ca 1705 Ma (μ = 13.4), representing galena 
remobilised with chalcopyrite in a quartz vein on the edge of 
a skarn-magnetite zone, and galena in a chloritised margin 
of a quartz vein. One sample produced an age of ca 1610 
Ma (slightly lower μ of ~13.35), and two other samples 
ca 1515 Ma and 1476 Ma ages (with extremely low μ < 1). 
Two further samples produced geological impossible ages, 
suggesting that some Pb has been contaminated by other 
Pb sources. At the Reward-Marshall deposit, Re-Os dating 
of one sample of veined and disseminated molybdenite 
produced an age of 1706 ± 7 Ma. This molybdenite 
cross-cuts or is contemporaneous with disseminated 
chalcopyrite-pyrite, and overprints a foliated dark-green 
amphibolite-skarn zone, thus indicating formation post-
peak metamorphism. This age constrains a minimum 
timing for Cu mineralisation and is contemporaneous with 
the late stages of the Strangways Event.

New sulphide stable isotope data

Various primary, late and deformed sulphide phases 
(chalcopyrite, pyrite, galena, sphalerite, bornite, chalcocite 
and molybdenite) from the Marshall-Reward, Green 
Parrot and Bellbird deposits at Jervois, and various Cu 
occurrences in the Bonya Hills, including Bonya Mine, 
were hand-picked for δ34S sulphide analyses (Figure 6). 
Jervois sulphide δ34S values span 0.5 to -39.4 ‰ 
(mean = -2.9 ‰). Sulphides associated with paragenetic 
events that are clearly later than the primary sulphides 
show similar or more depleted δ34S values [eg metasomatic 
veins (-0.5 to -4.5 ‰), post-metamorphic veins (0 to 
-9 ‰)]. Metasomatic molybdenite has mantle-like 0.2 ‰ 
values. Sulphides associated directly with pegmatite 
intrusions or hydrothermal breccias show dramatically 
depleted δ34S values (-4, -29 and -38 ‰). If late sulphide 
phases are eliminated, the vast majority of δ34S values 
have  consistent, non-variable values between 0.5 and 
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-5.3 ‰ (mean = -1.6 ‰). One potential explanation is that 
the majority of δ34S values clustering ca 0 ‰ indicate 
later overprinting syn-tectonic sulphide mineralisation, 
or reset of primary δ34S values. However the variety 
of different paragenetic sulphide stages sampled make 
this interpretation unlikely. In the Bonya Hills, Bonya 
mine workings containing chalcopyrite and chalcocite 
produced δ34S values between 0.1 and 0.2 ‰. Similar 
pyrite-chalcopyrite δ34S values (-0.27 to -0.13 ‰) were 
measured from Rox Resources’ October 2014 drilling 
campaign. Although prospective sulphide samples were 
taken from other Cu and W occurrences, surface oxidation 
failed to preserve sulphides in most samples. Nevertheless, 
chalcopyrite produced δ34S values of -3 and -0.1 ‰ from 
two Cu occurrences, and elevated 8.6 and 8.5 ‰ values at 
the Marrakesh-Fat Cow prospect.  

Structural constraints on mineralisation 

Figures 7 and 8 summarise the complex structural history of 
the J-Fold in relation to the proposed mineralisation events, 
based on regional mapping at Jervois (see Reno et al 2015). 
Individual deposits and occurrences are semi-continuous 
for at least 12 km length through the limbs of the J-Fold. 
Some of this mineralisation was originally stratiform but 
was later displaced and/or remobilised during deformation-
related folding, faulting, boudinaging and dilation. During 
early extensional deformation, the stratiform sulphide 
mineralisation developed the first boudinage structures 
(stage c), which intensified during D2 (progressive stages d 
and e) and together with the progressive isoclinal folding, 
had major implications for the economic potential of 
mineralisation zones at Jervois. Crowe (2012) noted that high 
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rheological contrasts between lithologies produced dilational 
sites that acted as hydrothermal fluid conduits during D2. 
Progressive compression during stages f and g resulted 
in isoclinal folding, faulting and later boudinaging that 
further enhanced fluid flow. Contemporaneous deformation 
and fluid flow possibly remobilised and concentrated the 
mineralised lodes during peak-metamorphism at D2 (stage 
f). However shearing and boudinaging during D2 resulted 
in a stretching and separation of the mineralisation. 
Additionally syn- to post-tectonic metal-bearing fluids were 
introduced that led to new mineralisation possibly until 
and during a further folding and shortening D3 event that 
resulted in the formation of the J-Fold structure (stages g-j). 
The original J-Fold tightened in the course of progressive 
shearing along the NNE-SSW trending Jervois Fault, 

resulting in an isoclinal structure in the centre of the fault 
(stages l and m). However the main mineralisation at Jervois 
is found along the open J-Fold structure, thus no doubling 
of the resource occurred during the formation of the J-Fold.

Similar syn-depositional and syn-tectonic mineralisation 
processes were effective in the Bonya Hills area. The Bonya 
Mine sits directly in the hinge of a local 2 km scale closed fold. 
The main schistosity in the area is axial planar to the local 
fold structure, which overprints an earlier folded schistosity. 
Where veining is exposed in outcrop at the Bonya Mine, there 
is no evidence that veins have been deformed during peak 
metamorphism, although they intruded typically parallel to 
the regional foliation trend and hence formed after the local 
axial planar main foliation. The structural relationship to the 
Jervois area is part of ongoing research.  
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Figure 7. Sketch of the geological evolution of the Jervois 
area with focus on the major structures and copper 
mineralisation. Deposition of the Bonya Metamorphics 
that host the Jervois mineralisation occurred in a back-
arc rift setting. Early mineralisation is syn-depositional 
to epigenetic, possibly related to syn-tectonic bimodal 
magmatism. Progressive deformation event(s) resulted in 
isoclinal folding and re-folding, transposition and boudinage 
of the primary mineralisation. Syn-tectonic fluid flow 
caused re-mobilisation of the early mineralisation and a 
concentration of this (and possibly new mineralisation) 
along boudin necks and the main foliation syn- to post-
peak metamorphism. Progressive km-scale shearing along 
the Jervois shear/fault zone provoked the formation and 
tightening of the J-Fold structure during the late Strangways 
Event and again during re-activation in the Alice Springs 
Orogeny. Mineralisation is now concentrated in mostly 
boudinaged zones along the main foliation.
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Host rocks, deposition, timing and potential 
mineralisation sources 

The evidence for interlayered carbonate rocks in the 
Bonya Metamorphics is indicative of a shallow basinal 
depositional environment, alternating between clastic and 
pelitic input, with episodes of chemical sedimentation. 
However, it is unclear if sedimentation occurred in an 
isolated basin or open marine setting. Until recently, the 
maximum depositional age of 1807 ± 17 Ma (Claoué-Long 
and Hoatson 2005) was poorly resolved, partly due to the 
scarcity of detrital zircon in sedimentary layers, the highly 
deformed and folded geometry of the unit and the absence 
of obvious local interbedded volcanic units. However a 
new maximum depositional age of 1787 ± 6 Ma (Kositcin 
et al in prep) more tightly constrains the the timing of 
sedimentation to contemporaneous with regional bimodal 
magmatism. It also strongly suggests that some sediment 
deposition was occurring contemporaneously with the 

intrusion of several felsic and mafic bodies regionally 
between ca 1795 and 1776 Ma. This magmatism is related 
to regional syn- to post-Stafford and/or Yambah bimodal 
magmatic events. 

Within the Jervois minal field and Bonya Hills, the 
occurrence of polymetallic base metal mineralisation has 
so far only been observed in the J-Fold. However, Cu and 
W occurrences are common regionally and there appears to 
be two mineralisation styles. Characteristics of the Jervois 
mineralisation include: 

1. unusual polymetallic Cu-Pb-Fe-Zn-Ag ± Au ± Mo ± W 
element assemblages, unusual Pb:Zn:Cu sulphide ore 
ratios and significant Au, and Fe oxide enrichment

2. near-zero δ34S sulphide values 
3. a lack of sulphate associated with mineralisation
4. relatively oxidised clastic, chemical sediment and 

carbonate host rocks
5. a spatial association with tourmalinite occurrences
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6. a spatial and temporal association with bimodal 
magmatism.

Characteristics of the regional Cu and W occurrences 
include:

1. a similar stratigraphic setting to Jervois
2. late, relatively non-deformed, Cu-only quartz-hematite 

chalcopyrite-pyrite veins, or skarnoid Cu-W (scheelite) 
mineralisation 

3. More variable but similarly near-zero sulphide δ34S 
values compared to Jervois

4. a spatial but no proven temporal association with nearby 
magmatic units 

The abundance of Fe- and Mn-rich chemical sediments 
directly associated with the Jervois mineralisation suggests 
that a hydrothermal fluid was involved in mineralisation. It 
is unclear whether the magnetite hosted in metasediments 
formed from alteration of pre-existing sedimentary 
Fe-rich clay and silicate minerals, or whether iron oxide 
formed during the primary mineralisation process, or was 
introduced during later hydrothermal events. The age of 
primary galena mineralisation (ca 1789–1782 Ma) suggests 
formation contemporaneously with the emplacement of 
the bimodal magmatism, and the deposition of some basin 
sediments regionally. Although these results indicate that 
the early sulphide and Fe-Mn mineralisation formed in a 
shallow basin setting, the direct influence of magmatism, 
and the depth of ore formation relative to the basin floor 
remain uncertain. Plausible processes include fluid 
exhalation onto a basin floor, a sub-basinal fluid inhalation 
into unconsolidated sediments, and epigenetic process 
after sediment consolidation. In particular, most clastic-
dominated sediment-hosted deposits lack irrefutable 
evidence for exhalation (eg Leach et al 2010). Further 
galena mineralisation at ca 1772, 1767 and 1705 Ma with 
similar μ to older lead mineralisation, and the 1706 Ma 
molybdenite age, correspond to local pegmatite intrusion, 
and a syn- to post-peak metamorphic hydrothermal event 
respectively. Subsequent Pb disturbance was also recorded 
at ca 1515 and 1476 Ma from late breccias or veins. This 
indicates that some pre-existing galena was remobilised, or 
that Pb from similar sources to the original mineralisation 
was introduced at these times.   

No reliable age constraints on the Bonya Hills Cu-W 
mineralisation have yet been determined. Some Cu 
occurrences are enriched in Mo (eg Marrakesh, Shaw 
et al 1984), or may be associated with significant scheelite 
however. This probably relates to syn- to post-tectonic 
tourmaline-bearing pegmatites and quartz veins spatially 
associated with these occurrences (eg Freeman 1986). 
Evidence for subordinate Cu ± W ± Mo overprinting at 
Jervois supports a post-peak metamorphic timing for 
this event. This later regional Cu-W event may have 
superimposed metal-bearing fluids through the pre-existing 
Jervois mineralisation. This process was probably related to 
regional post-peak metamorphic intrusions at ca 1715 Ma 
and may have potentially introduced late high-grade Cu to 

the mineralised lodes. The economic significance of this 
event remains poorly constrained.

Clastic-dominated sediment-hosted deposits are thought 
to form through oxidised or reduced saline fluids that 
mobilise base metals. However, these fluids are commonly 
depleted in reduced sulphur, with sulphides instead sourced 
from reduced S in H2S-rich water columns at the site of 
deposition (eg Cooke et al 1998, Goodfellow 1987).Although 
the Jervois mineralisation is associated with tectonism, 
shallow clastic sedimentation and coeval volcanism similar 
to many sediment-hosted deposits, the source of sulphur at 
Jervois may be different. 

The predominant near-zero primary δ34S sulphide 
values at Jervois permit possible contribution and/or mixing 
from three sulphur isotope reservoirs: (1) hydrothermal S 
from magmatic fluids, or leached from crystalline igneous 
rocks; (2) seawater sulphate and (3) biogenic or detrital 
sedimentary sulphides. The δ34S values of many Palaeo-
Mesoproterozoic massive sulphide deposits (eg Broken 
Hill, HYC, Mt Isa) are more positive and variable than those 
observed at Jervois. These trends are thought to indicate the 
influence of low temperature bacterial sulphate reduction 
and diagenesis, and in some cases, variable mixing with 
magmatic sulphur (eg Spry 1987). The Jervois δ34S values 
could be explained by the variable mixing of such sulphur 
sources; however, the consistent near-zero δ34S values are 
unlikely to be produced by bacterial sulphate reduction or 
low temperature processes. 

This interpretation is supported by further 
mineralisation-related features. The lack of reduced, 
anoxic carbonaceous sediments and black shales, suggests 
a relatively oxidised basin setting. The oxidised conditions 
probably precluded bacterial sulphate reduction and high 
concentrations of reduced S on the basin floor. Relatively 
high hydrothermal fluid temperatures inferred from 
elevated Cu and Fe enrichment in the mineralisation 
(eg Huston et al 2006), are also not ideal of bacterial-related 
sulphur reduction. The absence of sulphate associated with 
mineralisation regionally may indicate a sulphate-free, 
reduced basin setting (Eastoe et al 1990). This is supported 
by ca 1.8 Ga palaeoenvironmental conditions that were 
considerably different to both the Mesoproterozoic and 
the present day, with lower concentrations of dissolved 
sulphate, higher concentrations of iron and higher seawater 
salinity, assuming that Jervois represented an ocean basin. 
This may have significantly limited the amount of reduced 
sulphur available for mineralisation (eg Huston and Logan, 
2004). Although inorganic sulphate reduction was possible, 
no significant sulphate-bearing stratigraphic source is 
known regionally. Further, the total S concentration (SO4

2- 
+ H2S) in seawater at this time remains poorly constrained, 
and if it was low, would contribute minimal S to the 
mineralisation. Thus remaining realistic S sources include 
euxinic sedimentary sulphides or magmatic sulphur. 

Leach et al (2010) separated sediment-hosted sulphide 
deposits of the Australian Zn-Pb belt into (1) rift-related 
clastic-dominated deposits (eg Cannington, Broken Hill, 
?Jervois) and (2) sag-basin hosted deposits (eg Mt Isa, HYC). 
Unlike the sag-hosted sulphide mineralisation, the fluids 
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that formed deposits in rift-related settings are thought to be 
generated in reduced (carbonate-poor) basins. This enables 
higher temperature, reduced sedimentary brines to transport 
Pb and Zn together with reduced sulphur (eg Cooke et al 
2000). These deposits share many characteristics with older 
(> 1.8 Ga), volcanic-hosted sulphide deposits, also related to 
back-arc basin rifting. These deposits also form from high 
temperature, reduced fluids and are genetically associated 
with mafic volcanism (eg Huston et al 2010). As such, 
Jervois may have formed, in part, from similar, H2S-rich 
mineralising fluids. 

Although seawater at 1.8 Ga had enhanced salinity, 
and the Jervois hydrothermal system was probably higher 
temperature, traditional ore-forming models where 
base metals are transported by chloride complexes, or 
where sulphate was derived from leaching of evaporite-
bearing basin sediments or seawater, may not be suitable, 
particularly as non-magmatic S sources appear to be absent. 
Experimental modelling by Zhong et al (2015) using the 
latest thermodynamic properties, compares the relative 
effectiveness of chloride and bisulphide complexing for 
base metal transport. Their work shows that prograde 
dissolution of sulphides by higher temperature hydrothermal 
fluids (≥ 300°C), rapidly increases S solubility. Further, 
under increasing higher temperature, sulphur-saturated 
fluid conditions, hydrosulphide Cu, Pb and Zn complexes 
[eg CuHS, Pb(HS)2, Zn(HS)2] predominate over chloride 
ligands in the transport of base metals. These results are 
significant because chloride rather than sulphur ligands 
have traditionally been cited as transporting base metals in 
hydrothermal fluids related to sediment-hosted ore systems. 
Although chloride remains effective at base metal transport 
in lower temperature fluids (≤ 300°C), suggestions that saline 
fluids that transport S and base metals together will have 
limited capacity for base metal transport (eg Wilkinson, 
2014), may be invalid in higher temperature fluids with 
increased sulphur concentrations. 

Assuming that any sedimentary or detrital sulphides in 
the sedimentary package at Jervois had initial δ34S values 
ca 0‰, (Paleoproterozoic detrital pyrite commonly has 
near zero δ34S values), active or passive hydrothermal fluid 
processes related to magmatism are required to explain the 
S budget in the Jervois mineralisation. The low range of 
isotopic fractionation and a lack of variability in the primary 
sulphide data support a dominantly magmatic, isotopically 
homogenous S source, similarly to Precambrian VHMS 
systems (eg Huston 1999, Wagner 2005). Thus, reduced 
sulphur may have been sourced actively, from H2S-rich 
magmatic-hydrothermal fluids exsolved from intrusions; or 
passively, from the infiltration of basinal fluids into volcanic 
and sedimentary rocks that leached S from pre-existing 
sulphides, driven by high-heat producing basin volcanism.  

The S isotope dataset is complicated by some Bonya 
Hills sulphide values that are similar to later syn- or post-
peak metamorphic δ34S values from Jervois sulphides, but 
which appear to have formed much later than the primary 
Jervois mineralisation discussed above. Although some of 
these δ34S values remain around zero, local remobilisation 
by metasomatic fluids during orogenesis are interpreted 

to have produced some slightly depleted sulphide values 
through oxidation of pre-existing sulphides (eg Wagner 
2001). Molybdenite δ34S values of 0 ‰ also suggest that 
new sulphur was introduced at this time. Syn-tectonic 
sulphide formation in the Bonya Hills and at Jervois are 
interpreted to have sourced S passively from sulphides in 
the pre-existing Kings Legend Amphibolite and Attutra 
Metagabbro intrusions, or local felsic volcanics, through 
leaching by metamorphic or metasomatic fluids. This 
represents a similar mineralising process to small regional 
copper occurrences at Mt Isa, found adjacent to large Zn-
Pb-Ag and Cu lodes, which were in part sourced from 
nearby tholeiitic basalts (eg Andrew et al 1989). At Jervois, 
late calcite, quartz, epidote and fluorite veins also contain 
minor sulphides with δ34S values between primary and 
depleted values, depending on the vein size and the effect 
of contamination by existing sulphides and remobilisation. 
Some minor sulphides associated with pegmatites and 
breccias have very depleted values, indicating a different 
formation process. 

Aside from the Attutra Metagabbro, which has a spatial 
and temporal association with the Jervois mineralisation, 
and also the Kings Legend Amphibolite and several felsic 
intrusions found regionally, some further potential evidence 
for volcanic and/or intrusive components to the regional 
sedimentary package have been suggested (eg Teale 1982, 
Peters et al 1985, Ypma 1984, 1990; this study). The existence of 
extrusive or subvolcanic rhyolites near the main mineralised 
zones at Jervois would further support the influence of 
bimodal magmatism on mineralisation. However, the age 
and provenance of these highly metamorphosed metafelsic 
quartz-sericite-feldspar rocks remain ambiguous and they 
are subordinate to the clastic and chemical sediments in the 
host sequence. Even if a magmatic origin is confirmed, their 
existence does not necessarily imply a direct association 
with the mineralisation; however, the spatial and temporal 
association of clastic sediment-hosted sulphide deposits to 
volcanic rocks is well established (eg Parr and Plimer 1993). 

Sources for Cu, Pb and Zn remain uncertain but are 
probably sourced directly from magmatic-hydrothermal 
fluids, or leached from local volcanic and/or clastic 
sedimentary rocks. Tourmalinites, similar to those 
found within the J-Fold and the Bonya Hills, have also 
been related to volcanic- and clastic-sediment hosted 
lode-forming systems in other mineralised terrains 
(eg Slack 1996). The Jervois stratiform tourmaline may 
have an exhalative/inhalative origin. Alternatively the 
tourmalinite may be related to metasomatism associated 
with local B-rich pegmatites and granites, and/or W and 
Mo-bearing calc-silicate packages and related quartz-
tourmaline veins, which formed during or after peak 
regional metamorphism.  

Genetic models for Jervois and Bonya

Previously proposed models for regional Cu and W 
mineralisation include felsic and/or mafic-intrusion-related 
processes (Robertson 1959, Grainger 1967, Hoatson et al 
2005, Laukamp et al 2013), and a spectrum of volcanogenic, 
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sediment-hosted and carbonate-replacement models, 
including SEDEX and Broken Hill-type (BHT) styles 
(eg Catley 1965, Holmes 1972, Dobos 1973, Teale 1982, 
Ypma 1984, Shaw et al 1984, Ferenzci 2005, Spry et al 
2009). Other suggestions include skarn (Holmes 1972, 
Riemer 2000, Schoner 2000) and IOCG-related systems 
(Hussey et al 2005, Frater 2006). 

The initial results of this study are consistent with at least 
two different mineralisation events in the Jervois mineral 
field and Bonya Hills. Early sediment-hosted polymetallic 
sulphide mineralisation at Jervois formed during a syn-
depositional to epigenetic process at ca 1790 to 1780 Ma. 
After minor mineralisation at ca 1770 Ma, possibly 
associated with pegmatite intrusion, pre-existing sulphides 
were likely remobilised and deformed during regional 
peak metamorphism. Later during the waning stages of 
orogenesis, new regional vein-related Cu-W mineralisation 
formed, linked to metasomatism and magmatism at ca 
1705 Ma, contemporaneous with the end of the Strangways 
Event. It remains unclear what proportion of copper and 
iron existed at Jervois prior to this later orogenesis, and how 
much was introduced or superimposed at this time.

 At present, a metamorphosed sediment-hosted, volcanic-
associated hybrid system is the most likely mineralisation 
model for Jervois. The majority of mineralisation is 
sediment-hosted however there is evidence for the influence 
of volcanism during mineralisation, including an atypical 
sulphur source, unusual base metal and gangue mineralogy, 
and an unusual palaeoenvironment and basin setting. 

The subtle transitional continuum between processes 
involved in the formation of VHMS, clastic-dominated 
sediment-hosted (including SEDEX and BHT), shallow level 
skarn and carbonate-replacement style deposits (eg Sangster 
1998, Leach et al 2010), supports this classification. This 
continuum explains the often contradictory semantics that 
classify these deposit styles; for example, volcanogenic 
sulphide deposits can be hosted in sediments adjacent to 
volcanic piles, and clastic-dominated sediment-hosted 
deposits are considered to have no direct genetic link with 
volcanism, yet are commonly found closely associated 
temporally and spatially with volcanics. 

Previous workers have suggested that the Jervois 
mineralisation has affinities with BHT deposits (eg Walters 
1996, Spry et al 2009). BHT deposits have many similar 
characteristics to less deformed and metamorphosed 
volcanic-sediment-hosted massive sulphide deposits in 
sedimented back-arc continental rifts, including those at 
Jervois. However the debated genetic origin of the Broken 
Hill (Australia) deposit is probably still too controversial 
to similarly classify other deposits with some shared 
characteristics. There is no general consensus that BHT 
deposits represent a separate ore deposit type, rather than an 
endmember of the sediment-hosted sulphide deposit class 
(eg Wilkinson, 2014). The debate remains largely because 
unequivocal ore-forming processes have been obscured 
by the metamorphism of these deposits. Further, the BHT 
class may not be helpful because many of the characteristic 
features of these deposits (eg Walters 1996, Spry et al 
2009), are also found in other types of mineral deposit. 

For example, VHMS deposits can be associated with 
exhalites, IOCG deposits can have significant enrichment 
in Fe-Mn-Ca, and Zn-rich skarns share similar mineralogy. 
Furthermore, nearly all Proterozoic mineral deposits that 
formed in basins (not just uniquely BHT deposits), have 
been extensively deformed, remobilised, or contain base 
metal-rich metamorphic minerals. In contrast, only the 
Broken Hill deposit appears to show extensive evidence for 
the partial melting of sulphides (eg Mavrogenes et al 2001), 
an unusual characteristic that not all BHT deposits, nor the 
Jervois mineralisation, appear to exhibit. 

BHT deposits are also suggested to have different fluid 
chemistry and host rock redox conditions to other sediment-
hosted sulphide deposits (eg Large et al 1996). These authors 
suggested that although BHT deposits form from the release 
of highly saline, reduced fluids similarly to some sediment-
hosted deposits, they discharge fluids into an oxidised, 
rather than a reduced basin setting. Although this model 
would be consistent with most of the observed results from 
Jervois, some characteristics are inconsistent. The elevated 
pyrite, chalcopyrite and magnetite contents at Jervois require 
further explanation. Further, Large et al (1996) argued that 
higher temperature, saline fluids would preclude Pb and Zn 
ore formation yet these metals are widespread at Jervois. 
The significant pyrite content may indicate high levels of 
reduced S (H2S) in the ore-forming fluids, whilst elevated Cu 
concentrations indicate higher (>250°C) fluid temperatures. 
These features suggest, similarly to Zhong et al (2015) and 
the S isotope data from this study, that bisulphide rather 
than chloride complexes may have predominated base metal 
transport in the Jervois system. Bisulphide ligands also 
provide a mechanism to transport Pb and Zn together with 
Cu in higher temperature fluids. 

IOCG-related models are problematic because deposit 
classification is based on an iron-oxide ± Cu-Au ±  trace 
element geochemical association rather than an underlying 
genetic process, with proposed ore-forming models 
remaining controversial (eg Barton et al 2014). IOCG-
forming processes cannot explain at least some of the 
primary Jervois mineralisation, with evidence suggesting 
(near) syn-depositional formation. Further characteristics 
commonly associated with IOCG systems, including 
anorogenic magmatism and pervasive regional sodic 
albitisation or calcic alteration, are not observed. 

IOCG mineralisation typically forms in inverted back-
arc basins. Such a setting is not consistent with the primary 
mineralisation at Jervois. However some authors have 
suggested that Cu-Au mineralisation may have superimposed 
older, genetically-unrelated, iron oxide or sulphide-rich 
mineralisation to produce some IOCG deposits (eg Eastern 
Succession of Mt Isa and Tennant Creek; Davidson and Large 
1994, Skirrow and Walshe 2002). If there is future evidence 
suggesting that during regional metamorphism and/or later 
metasomatism, significant economic Cu and/or iron oxide 
mineralisation was introduced, then such superimposed 
IOCG models may be valid regionally. Additionally, late 
subordinate fluorite-carbonate-minor sulphide veins 
that overprint earlier mineralisation at Jervois may have 
magmatic-hydrothermal IOCG affinities. However, given 
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that fluorite and carbonate are effectively dissolved by saline 
fluids (eg Tropper and Manning 2007), evidence for F-rich 
veins does not necessarily indicate magmatic-hydrothermal 
fluids, and by inference, an IOCG-related system. 

 A classic skarn mineralisation model (eg a substantial 
felsic pluton intruding carbonate sequences) is unlikely 
for Jervois. No such intrusions are known to have been 
emplaced adjacent to the primary mineralisation at Jervois 
and classic skarn deposits do not form in subaqueous 
environments. Furthermore the Jervois mineralisation is 
polymetallic rather than dominant in one particular metal, 
as typical of skarn systems. Skarn genetic models are also 
problematic because the skarn term should be considered 
descriptive, relating to skarnoid calc-silicate mineralogy, 
rather than a genetic process (eg Einaudi et al 1981). Thus, 
the skarnoid mineralogy found regionally in the Bonya Hills 
and the Jervois mineral field need not be related directly to 
intrusive activity. Instead, reaction skarns could have been 
produced by later externally-derived metasomatic fluids 
during regional metamorphism and later magmatism.

Regional correlations and exploration implications

A range of ca 1.8 Ga metamorphosed syn-depositional 
to replacement-type polymetallic sulphide ± iron oxide 
mineralisation styles are present across the SE Aileron 
Province. This spans across the VHMS deposits in the 
west (eg Utnalanama) to the sediment-hosted, volcanic-
associated system in the east (eg Jervois). This mineralisation 
is associated, either actively or passively, with mafic 
and bimodal volcanism between 1805 and 1770 Ma 
(eg Hussey et al 2005). Figure 9 summarises the temporal 
association between known mineralisation, deformation, 
metamorphism, magmatism and sedimentation in the 
Jervois and Bonya Hills area. 

Similar aged and Cu-rich polymetallic mineralisation is 
not known in other resource endowed Australian Proterozoic 
belts. Most of the world-class sediment-hosted sulphide and 
IOCG deposits in these belts formed at least ca 120 My later. 
For the clastic-dominated sulphide deposits, most formed 
through dominantly bacterial sulphate reduction processes 

Figure 9. Schematic diagram showing the temporal relationship between mineralisation, host rock deposition, local and regional 
magmatism and metamorphic events in the Jervois mineral field and Bonya Hills. 
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in sedimentary basins, producing Zn-Pb only sulphide 
mineralisation. 

Because many aspects of the ore-forming process for 
the base metal mineralisation in the SE Aileron Province 
remain controversial, only empirical exploration targets for 
the region are suggested here. Discoveries of undercover 
minerals in areas with pre-existing sulphide mineralisation, 
may be assisted by understanding the continuation of local 
isoclinal fold structures and the nature of deformation. 
Furthermore, magnetite- and/or sulphide-rich mineralisation 
and local gabbro sills may be plausible targets as geophysical 
anomalies. For example, minor subcrops of calc-silicate 
rock, metagabbro and muscovitic schist in the east and 
south of the J-Fold belong to a continuing larger fold-
structure visible in aeromagnetics - the ‘Big-J’ (Figure 8). 
Given that the J-Fold re-folds isoclinal D2 structures, it is 
plausible that sequences of mineralised rocks similar to 
those at the Jervois deposits, are repeated undercover in 
the larger fold sequence. Some base metal mineralisation 
has been found on this structural trend, east of Jervois at 
Hamburger Hill (eg Price 1996, Figure 1), highlighting the 
potential prospectivity of this method. 

Evidence for metamorphosed hydrothermal sediments 
(eg garnet-quartz rocks, tourmalinites, Fe-Mn-rich sediments) 
can be used as vectors to nearby sulphide mineralisation. 
However, the practicality of their identification in outcrop 
can be limited unless discovered in areas without known 
sulphide occurrences because these unusual rock types 
are commonly located very close to mineralisation. One 
possible extrapolated exploration tool may be creek and 
sediment-sampling for minerals related to these rock types 
(eg Mn- or Fe-rich garnets, staurolite, gahnite), particularly 
as such minerals are relatively resistant to weathering 
compared to sulphides. Metamorphic minerals with high 
metal concentrations can indicate the metamorphism of pre-
existing sulphides, and potentially nearby metamorphosed 
sulphide deposits (eg Spry et al 2000). 

Regional exploration may benefit from targeting fertile 
intrusions (ca 1805 to 1760 Ma) emplaced into shallow 
rift basins, particularly during periods of tectonism 
when local extensional faults were active. Irrespective of 
whether these intrusions provide metals and ligands for 
mineralisation, they provide the necessary heat source to 
drive the hydrothermal system that produces mineralisation. 
Regional metamorphism, syn- to post-tectonic magmatism 
and metasomatism remobilised and produced further base 
metal and Mo-W mineralisation (eg MolyHill, Bonya). Some 
of this mineralisation coincided with the ca 1735–1690 Ma 
Strangways Event. During this event, the bimodal volcanics 
and intrusions that were emplaced previously at ca 1805 to 
1770 Ma, may have further provided a passive source for S, 
Cu, Fe and Au during fluid infiltration. Locations that host 
later pegmatites, intrusions or metasomatic alteration are 
thus also prospective for mineralisation. 
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Targeting high grade copper at Bonya
William Belbin1,2

1 Rox Resources Limited. Level 1, 30 Richardson St, West Perth 
WA 6005, Australia. 

2 Email: wbelbin@roxresources.com.au

The Bonya Copper Project is located about 350 km northeast 
from Alice Springs and is accessible via the Stuart and Plenty 
Highways. Rox Resources Limited is in the second stage of 
a farm-in joint venture agreement with Arafura Resources 
Limited with the aim to earn 70% by December 2016. 

Situated in the southeast corner of the HUCKITTA 
1:250 000 mapsheet in the southeast Aileron province, the 
Bonya project area is adjacent to the old mining centre of 
Jervois where mineral resources of 25.3 Mt grading 1.1% Cu 
and 22.1 g/t Ag have been defined (KGL Resources Limited 
2014). The tenement area (Figure 1) covers mainly outcrop and 
subcrop of Bonya Metamorphics (previously named Bonya 
Schist) which is the host unit of the polymetallic mineralisation 
and the copper mineralisation at Bonya. The main portion 
of Rox Resources’ Bonya Project lies to the west of Jervois 
and is comprised of predominantly upper amphibolite facies 
Paleoproterozoic rocks. The high metamorphic grade and 
complex structural deformation makes geological interpretation 
difficult and is probably one reason why exploration has been 
limited and unsuccessful in the past.

Early exploration work carried out on the project had 
been limited to general prospecting, wide-spaced regional 
geophysics, rock-chip and soil sampling and very limited 
rotary air blast (RAB) drilling. Several small-scale mining 
activities for copper and scheelite were carried out at 
various prospects including the Bonya Mine, White Violet 

and Green Hoard. Prior to 2014 none of these outcropping 
copper prospects had been drill-tested.

Geophysics

Rox completed a VTEM (versatile time domain 
electromagnetics) survey in October 2013 with the aim of 
detecting conductive drill targets and/or any blind massive 
copper sulfide mineralisation within the prospective Bonya 
Metamorphics unit. A total of 903 line km of VTEM data were 
flown, covering a total area of approximately 186 km2. Ten 
anomalies were identified as targets (Figure 2); the majority 
consisting of discrete relatively shallow conductors which 
potentially could be caused by accumulations of conductive 
sulfides. Field inspections were carried out early in 2014. 
Coincident outcropping copper mineralisation was evident at 
only one of the VTEM anomalies, BVTEM_03 (Figure 3). 
To the east at BVTEM_04, a weak copper-in-soil anomaly 
had been detected in a 2012 survey. With the Bonya mine also 
located within this central part of the tenement package, it was 
decided that FLTEM (fixed loop electromagnetic) surveys 
over three of the EM anomalies (BVTEM_03, BVTEM_04 
and BVTEM_05) would better define the geometry and 
strength of targets prior to drill-testing.  

Drilling

Rox completed its first RC drill program at the Bonya 
Project in September 2014. Initially drilling was focused 

Figure 1. Bonya tenement plan with simplified geology.



125

AGES2015

Figure 2. Reprocessed Aeromagnetics RTP with VTEM targets.

Figure 3. Bonya prospect Aeromagnetics with VTEM targets. Interpreted fold limbs marked pink and fold axis black.
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on testing targets defined from the VTEM and FLTEM 
surveys carried out in 2013-14. Drilling intersected sulfide 
zones at all three targets. Significant copper mineralisation 
was intersected at only one of the targets BVTEM_03 with 
BYRC003 returning the best result of 2 m @ 3.1% Cu. 

Weak chalcopyrite mineralisation with associated pyrite-
pyrrhotite was evident in target BVTEM_04 while copper 
sulfide mineralisation was absent in BVTEM_05. 

Following the drilling of the EM targets, reverse 
circulation (RC) drilling commenced at the old Bonya 
Mine workings with excellent results immediately. The 
first RC hole (BYRC008) intersected 11.4 m @ 4.3% 
Cu from 30 m. Following this, a deeper hole was drilled 
(BYRC009, Figure 4) which returned 38 m @ 4.4% Cu from 
60 m including two distinct zones of higher grade copper 
associated with stronger quartz-chalcopyrite veining (6 m 
@ 8.8% Cu from 60 m and 8 m @ 7.9% Cu from 82 m).  

A second phase of follow-up RC drilling at the Bonya 
Mine in November successfully confirmed good thicknesses 
of very high-grade copper in parallel east-west mineralised 
quartz veins. Grades of up to 17% copper were received in 
1 m samples which consisted of predominantly chalcopyrite 
and quartz. Highlights from the drilling include 8 m @ 7.6% 
Cu from 97 m and 13 m @ 5.4% Cu from 111 m in BYRC014, 
and 5 m @ 9.1% Cu from 109 m and 11 m @ 3.9% Cu from 
121 m in BYRC018.

Downhole electromagnetic (DHTEM) surveying 
of three RC holes at the Bonya Mine suggest that the 
mineralisation intersected in drilling is not conductive. Two 
of the holes surveyed were located just outside the zone of 
mineralisation and neither detected any off-hole response. 
A third hole (BYRC018) was surveyed through the strongest 
zone of copper mineralisation and showed only a weak 
response.

A short two-hole diamond drilling programme 
commenced in December 2014. Although the drilling 
did not successfully intersect the central high-grade 
copper zone seen in the RC drilling, observations of rock 
textures, alteration and mineralisation confirm a later 
stage of mineralisation at Bonya. Chalcopyrite veins and 
disseminations are primarily associated with quartz veining 
oblique to and cross-cutting regional foliation. Strong 

Figure 4. Bonya copper mineralisation. 
Sample from BYRC009.

Figure 5. Bonya Mine prospect. Long section showing 2014 
Drilling.
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hematite alteration is seen in the core although its direct 
association with copper mineralisation is uncertain at this 
stage. The first diamond hole BYD001 returned 0.7 m @ 
1.5% Cu from 175.3 m, and BYD002 returned 0.3 m @ 2.2% 
Cu from 153.8 m and 0.6 m @ 2.1% Cu from 156.6 m. 

These results show that copper mineralisation does 
extend at depth and although the strike length of the main 
high grade zone is probably limited, a plunge direction to 
the west is apparent and will be tested with more diamond 
drilling (Figure 5).  

Geology and Mineralisation

Mineralisation at the old Bonya Mine prospect is situated 
at the nose of a large steeply-plunging fold of Bonya 
Metamorphics. High-grade chalcopyrite mineralisation is 
associated with east-west striking sub-vertical quartz veins 
at this interpreted zone of dilation. This quartz veining 
represents secondary copper mineralisation which is 
observed throughout the Bonya Hills and is believed to be 
spatially associated with mafic intrusions of Kings Legend 
Amphibolite (Whelan et al 2014). Quartzofeldspathic rocks 
show varying degrees of hematite alteration and staining 
throughout the broader zone of mineralisation. Petrographic 
work on limited samples from RC drilling describes the host 
rocks as upper-amphibolite facies quartz-feldspar leptites. 
In the Bonya diamond core, thin subunits of hornblende-
biotite gneiss are logged mostly parallel to stratigraphy. 
There are also a number of intrusive granites and pegmatites 
within the vicinity of the fold hinge. 

Regional Prospects and Future Work

Although the host rocks are very similar; the style of 
mineralisation and geochemistry observed at Bonya 
differs markedly from Jervois. Metamorphic grade at 
Bonya is higher and unlike the stratabound polymetallic 
Jervois mineralisation, Bonya does not contain any known 
significant quantities of lead, zinc or gold. 

Several occurrences of outcropping high-grade 
copper mineralisation are evident throughout the Bonya 
Project area. Some of these showings have potential to 
contain economically significant deposits of copper as 
demonstrated by the 2014 drilling. The very high-grade 
nature of this secondary copper mineralisation (as a result of 
metamorphism and likely remobilisation of primary sulfide 
mineralisation) presents as a priority exploration target.

This mineralisation is not electromagnetically 
conductive due to the late-stage breccia-style veining. 
Although no ground EM surveys have been completed 
over the old Bonya Mine itself, both VTEM and DHTEM 
surveys at the prospect lack any conductive response.

While numerous EM targets from the 2013 VTEM survey 
remain prospective, priority exploration targets for Rox will 
be given to geochemical and structural targets which may 
or may not present as EM conductors. A new 50 m-spaced 
aeromagnetic survey covering the Bonya Project is planned 
for 2015 which should aid in the structural interpretation 
and regional target generation.
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