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Introduction

The Exploring for the Future (EFTF) program is a 
$225 million Federal Government-funded initiative spanning 
the period July 2016 to June 2024. This multi-disciplinary 
program involves aspects of method development and new 
pre‑competitive data acquisition at a range of scales with the 
aim of building an integrated understanding of Australia’s 
mineral, energy and groundwater potential. Significant 
work has been undertaken across northern Australia within 
regional-scale projects and as part of national-scale data 
acquisition and mapping activities. Some of these activities 
have been largely completed and have generated new data 
and products, while others are ongoing. A comprehensive 
overview of the EFTF program can be found via the program 
website3. In this paper, we overview a range of activities with 
implications for resource exploration in the Northern Territory.

Regional-scale studies

A major geographical area of focus within the EFTF 
program has been the Barkly region, extending from the 
mining districts of Tennant Creek in the Northern Territory 
in the west through to Mount Isa in Queensland in the east. 
Much of the intervening area is characterised by flat and 
featureless surface geography of black soil plains overlying 
Mesozoic, Paleozoic and Proterozoic sedimentary basins 
of variable depth. As a consequence, prior to the EFTF 
program, the region represented arguably one of the least 
geologically understood regions in northern Australia; 
moreover, the region has historically been underexplored 
relative to the potential for mineral and energy systems 
analogous to those known in the adjacent outcropping 
regions. The EFTF program has addressed the challenge 
of reducing exploration risk in the Barkly region via a 
broad range of geophysical investigations, followed by 
stratigraphic drilling campaigns and extensive analyses of 
the recovered rock samples.

East Tennant area

The East Tennant area was selected as a likely region of 
enhanced mineral prospectivity on the basis of: 

•	 passive seismic data (Gorbatov 2022) indicating a 
significant north–northeast-trending gradient or ‘step’ 
in lithospheric thickness, with thicker lithosphere 
(>200 km) to the northwest and thinner (<180 km) to the 
southeast

•	 major crustal faults interpreted from potential field data 
(Clark et al 2021b) that parallel the change in lithospheric 
thickness

•	 a zone of enhanced electrical conductivity in the crust 
imaged by the AusLAMP long-period magnetotelluric 
(MT) survey (Duan et  al 2020), which is broadly 
coincident with major crustal faults, and situated above 
the step in lithospheric thickness.

These three independently measured features define a 
corridor of interest that extends north–northeast from the 
outcropping mineralised district of Tennant Creek. This 
geophysically defined corridor is suspected to be a zone 
of lithospheric weakness that may have focused fluid flow 
from the mantle into the upper crust, thereby enhancing its 
mineral prospectivity. To test this hypothesis, a stratigraphic 
drilling campaign of 10 diamond drillholes was designed 
and conducted in collaboration with MinEx CRC as part 
of the National Drilling Initiative (Figure  1; Clark et  al 
2021a). Geochemical, petrological, geochronological 
and isotopic studies on samples from these drillholes 
have revealed the presence of Paleoproterozoic basement 
rocks in the East Tennant corridor with ages and event 
histories that can be correlated with gold–copper-bearing 
sequences in the Tennant Creek district (Clark et al 2022; 
Kositcin et  al 2022a,b). One hole (NDIBK04) contains 
gold–copper–zinc–silver–bismuth mineralisation hosted 
within graphitic schists, which is inferred to be broadly 
synchronous with gold–copper–bismuth mineralisation in 
the Tennant Creek district (Schofield et al 2022) on the basis 
of structural correlations and bracketing geochronological 
constraints.

In addition to the above mentioned long-period MT 
data, higher resolution broadband and audio MT data 
was acquired in a series of traverses across the East 
Tennant corridor (Jiang et al 2022; Jiang et al 2023). The 
broadband MT data provides evidence for connectivity 
of deep crustal conductivity features into the upper crust 
along faults and shear zones, potentially mapping out 
fluid pathways to explorable depths. The audio MT data 
has been used to provide estimates of depth to crystalline 
basement, calibrated against known depths in drillholes. 
This depth to basement ‘map’ provides a guide to the 
location of prospective Paleoproterozoic basement rocks 
at explorable depths (eg < 500 metres) within the East 
Tennant area.

Collectively, the datasets acquired in the East Tennant 
area provide an evidence-base for informed exploration 
through cover via a vastly improved geological map 
of the subsurface (Figure  2; Clark et  al 2021b) and a 
well‑constrained tectonostratigraphic event framework 
(Kositcin et  al 2022a,b), including clear indications of 
mineral prospectivity in Paleoproterozoic basement rocks at 
explorable depths.

South Nicholson region

In parallel with work described above in the East Tennant 
area, the EFTF program has acquired a total of 
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2787 line‑km of deep crustal ref lection seismic data in 
the Barkly region in two tranches: the South Nicholson 
and Barkly (Southby et  al 2021) surveys. Together, 
these surveys form a network of ref lection seismic 
traverses that link from the Beetaloo Sub-basin in 
the northwest, across the McArthur Basin beneath the 
Barkly tablelands and extending beyond the Northern 
Territory–Queensland border to legacy seismic lines in 
the Mount Isa region.

A significant outcome of these ref lection 
seismic surveys was the identification of a thick 
sedimentary depocentre completely concealed 
beneath the Georgina  Basin, straddling the Northern 
Territory– Queensland border. This depocentre coincides 
with a prominent gravity low and a low velocity zone in 
passive seismic data (Hejrani et al 2020); this feature is 
now termed the Carrara Sub-basin (Carr et al 2019). The 
stratigraphy within Carrara Sub-basin was tested by the 
NDI Carrara 1 deep stratigraphic drillhole in late 2020 
as a collaboration between Geoscience Australia, MinEx 
CRC and the Northern Territory Geological Survey. 
NDI Carrara  1, located on seismic line 17GA‑SN1 on 
the western f lank of the Carrara sub-basin, was drilled 
to a total depth of 1751  m and intersected ~630  m of 
Paleozoic Georgina Basin and ~1100  m of underlying 
Proterozoic stratigraphy (Carson  et  al 2022). An 
extensive analytical program has been conducted on 
the drillhole samples from NDI Carrara  1, including 
petrophysics, geomechanics, petrology, inorganic 
and organic geochemistry, RockEval pyrolysis, 

geochronology, biostratigraphy, isotopic tracers, and 
sedimentology and sequence stratigraphic analyses. 
A full listing of reports and datasets can be found at 
Geoscience Australia’s South Nicholson National 
Drilling Initiative web page4. Key findings include: 

•	 U–Pb geochronology of thin volcanic horizons have 
provided direct stratigraphic age control. These results 
show that the majority of the Proterozoic stratigraphy 
intersected in NDI Carrara 1 corresponds to the middle 
to upper Lawn Hill Formation, bracketed in age between 
~1611  Ma and ~1588  Ma (Carson et  al 2022; Kositcin 
and Carson 2022). This establishes that the Proterozoic 
stratigraphy of NDI Carrara 1 is contemporaneous with 
the host stratigraphy at the Century Pb–Zn deposit, 
some 100  km to the northeast. It is worth noting also 
that significant older stratigraphy is evident in seismic 
images at depths beyond those intercepted by NDI 
Carrara 1. 

•	 Oil stains have been identified at several depths 
in NDI Carrara  1 in both the Georgina Basin 
section and the underlying Proterozoic section. The 
geochemistry of these oil stains indicates the presence 
of multiple petroleum systems, with implications for 
the energy resource potential of the Carrara Sub-basin 
(Grosjean et al 2022).

a

c

b

d

Figure  1. Representative examples of 
drill core from the East Tennant National 
Drilling Initiative stratigraphic drilling 
campaign. (a) Folded metasedimentary 
rocks from NDIBK02. (b) Megacrystic 
granodiorite from NDIBK05. (c) Paragneiss 
from NDIBK10. (d) Pyrite, chalcopyrite 
and arsenopyrite veins from NDIBK04.

4	 https://www.eftf.ga.gov.au/south-nicholson-national-drilling-
initiative
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Eastern central Australian basins

The regional studies described above in the East Tennant 
and South Nicholson regions under the EFTF program are 
largely complete, whereas work is currently in progress 
in basins of southeastern Northern Territory straddling 
the borders with South Australia and Queensland. This 
collaborative project, Australia’s Future Energy Resources 
(AFER), is being undertaken with the Northern Territory 
Geological Survey and the South Australian Department 
of Energy and Mining to assess the resource potential for 
conventional and unconventional hydrocarbons, as well as 
carbon capture and storage opportunities (CCS ), within a 
number of central Australian basins (Bernecker et al 2022). 
The Warburton, Amadeus, Pedirka, Simpson, Eromanga 
and Lake Eyre basins form a sequence of stacked basins 
whose depositional history and tectonic evolution span the 
Neoproterozoic to the present day. Each of these basins 
has been explored for various sediment-hosted resources, 

including hydrocarbons, minerals and groundwater, but 
contain only a sparse dataset of 42 petroleum wells and 
~16,000 km of primarily 1970–80s vintage 2D seismic data 
across a study area of ~200 000 km2.

Under the AFER project, Geoscience Australia has 
reprocessed over 5000 line km of 2D seismic data, resulting 
in a marked uplift in data image quality across the entire 
stratigraphic column. By using a regionally consistent 
play‑based framework and drawing on a large knowledge 
base from each region (Iwanec et al in press), the uplifted 
re-imaged seismic can be tied to the adjacent hydrocarbon 
sedimentary provinces of the Cooper, Amadeus and 
Arckaringa basins, thus drawing on the wealth of data 
and knowledge from those regions. The new results are 
painting a clearer picture of the basins’ evolution, de-
risking the exploration play elements for conventional 
hydrocarbons, and identifying potential sediment-hosted 
resources that have not yet be tested through exploration 
drilling.

Figure  2. Interpreted solid geology 
map of the East Tennant area, after 
Clark  et  al (2021b) and Kositcin et  al 
(2022). The map shows interpreted 
pre‑1800  Ma geology beneath the 
Georgina Basin. Proterozoic basins 
(ca  1800  Ma– 1500  Ma) are shown by 
semi-transparent grey shading.
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With respect to assessing the energy resource potential, 
traditional work flows, initially developed for conventional 
hydrocarbons, have been modified and expanded to evaluate 
the carbon storage potential in sedimentary intervals 
of varying stratigraphic ages. Other energy commodity 
resources being assessed include the occurrence of native 
hydrogen, as well as intra-basinal salt deposits that may be 
suitable for future hydrogen storage. 

National-scale datasets

In parallel with regional-scale activities described above, 
a range of national-scale data acquisition programs are 
in progress as part of the EFTF program; several of these 
have acquired and delivered datasets covering the Northern 
Territory. These national-scale activities comprise the 
AusLAMP, AusAEM and AusArray geophysical programs; 
and sub-surface geological, isotopic and heavy mineral 
mapping programs. 

AusLAMP

AusLAMP is a multi-year collaboration between Geoscience 
Australia, State and Territory geological surveys, and 
research organisations to acquire long-period MT data on 
a 0.5o latitude/longitude grid (~55 × 55 km station spacing) 
across Australia. Over half of the continent has been 
covered so far. Crustal-scale electrical conductivity features 
revealed by MT data have been shown to be important in 
providing first-order constraints on the locations of several 
mineral system types, including iron oxide–copper–gold 
(Heinson et al 2018) and orogenic gold (Kirkby et al 2022). 
As part of the EFTF program, AusLAMP data have been 
collected from most of the Northern Territory and western 
Queensland. The results have been processed to produce a 
northern Australia 3D conductivity model (Figure 3; Duan 
et al 2021). In addition to the conductivity corridor in the 
East Tennant area mentioned above, this northern Australia 
conductivity model exhibits numerous intriguing deep 
crustal conductivity features, many of which correlate with 
major crustal boundaries (eg Korsch and Doublier  2016) 
that may represent zones of paleo-fluid flow and enhanced 
mineral prospectivity. The resolution of the AusLAMP 
model is sufficient to guide initial exploration area selection; 
the use of broadband and audio MT methods can then refine 
exploration targets, as demonstrated in the East Tennant 
area.

AusAEM

AusAEM is the world’s largest airborne electromagnetic 
(AEM) survey; it commenced in northern Australia as 
part of the EFTF program (Ley-Cooper and Brodie 2020). 
AusAEM provides broadscale AEM coverage using ~20 km 
line-spacing, and has expanded to more than 60% of national 
coverage with funding and in-kind support from partner 
State and Territory geological surveys. The majority of the 
Northern Territory is covered by ~20 km-spaced AusAEM 
data. The data provide constraints on the uppermost ~300 m 
of the sub-surface, allowing geological interpretation 

of paleovalleys, cover thickness, basin distribution, and 
configuration and identification of conductive features in 
near-surface basement rocks (Wong et al 2020).

AusArray

The Australian Passive Seismic Array Project (AusArray) 
is a collaborative national survey between government and 
academia utilising a movable array of broadband seismic 
stations arranged in a grid pattern at ~200 km-spacing, and 
covering the majority of the Australian continent. Stations 
are deployed for approximately a year; the data collected 
will provide an improved 3D model of the seismic velocity 
structure of the continent (Gorbatov et al 2020). In addition, 
two higher resolution arrays of 50 × 50 km-spacing were 
deployed in the Northern Territory as part of the EFTF 
program between 2016 and 2020 (Hejrani et  al 2020).  
Continental-scale data and models will allow recognition 
of major changes in crustal and lithospheric depth, which 
may guide future regional studies and resource exploration 
strategies as demonstrated in the East Tennant and 
South Nicholson regions described above. 

National sub-surface geological mapping

In addition to the national-scale geophysical programs 
of AusLAMP, AusAEM and AusArray, Geoscience 
Australia is leading the development of national-scale 
sub-surface geology maps. These sub-surface geology 
maps complement the national 1:1 M surface geology map 
(Raymond et  al  2012). The approach is to produce time-
based sub-surface layers depicting the interpreted Mesozoic, 
Palaeozoic, Neoproterozoic, and pre-Neoproterozoic 
geology. These map layers have been published for the 
North Australian Craton (Stewart et al 2020 ) covering parts 
of Western Australia, Northern Territory and Queensland. 
Such sub-surface interpretations are subject to change as 
new information becomes available, particularly in deeply 
covered regions where the interpretation is less certain. 
One application of these sub-surface geology maps is in 
the production of mineral prospectivity maps for particular 
mineral systems and/or for particular geological eras. An 
example that utilises the sub-surface mapping of the North 
Australian Craton is the iron oxide–copper–gold (IOCG) 
prospectivity map of Murr et al (2020).

Isotopic Atlas of Australia

Radiometric ages and complementary isotopic tracers (eg 
Sm–Nd, Pb–Pb, Lu–Hf, Rb–Sr) provide constraints on timing 
and geological processes that inform the understanding of 
known mineral and energy resources, and can guide the 
search for undiscovered resources. The EFTF program has 
compiled available age and isotopic results from a wide range 
of published reports and journal articles and delivered them 
in standard formats and in map view  –  collectively termed 
an Isotopic Atlas of Australia (Fraser et al 2020). These data 
are available online via the GA Portal5. For the Northern 

5	 https://portal.ga.gov.au/persona/geochronology
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Territory, relevant data include: map views of U–Pb age 
data showing the distribution of magmatic and metamorphic 
events through time and space (Jones et al 2018); Nd isotopes 
in felsic magmatic rocks (Champion 2013) and Hf isotopes 
in zircon (Waltenberg et al 2023) showing the progressive 
growth of the North Australian Craton; and Pb isotopes in 
ores showing variations in the chemistry of source areas for 
mineralising fluids (Huston et al 2019).

Heavy Mineral Map of Australia

While most of the activities and datasets described 
above are focussed on characterising and mapping the 
sub‑surface, a wealth of information is also available from 
surface materials. A recent and ongoing example is the 
Heavy Mineral Map of Australia (Caritat et al 2022a). This 
work utilises surface samples that were collected during the 
National Geochemical Survey of Australia (Caritat 2022). 
The samples are overbank sediments collected at the lower 
end of river catchments, with each sample regarded as a 
natural average of the materials in that catchment. These 
samples have been reprocessed via a consistent protocol to 
concentrate the heavy minerals (>2.9 g/cm3), which have then 
been cast in epoxy mounts. The occurrence and abundance 
of heavy minerals is then quantified by automated mineral 
mapping using a Tescan Integrated Mineral Analyser 
(TIMA) at Curtin University. So far, datasets have been 
released covering the Barkly– Isa–Georgetown region 
of eastern Northern Territory and western Queensland 
(Caritat  et  al 2022b), and southeastern Australia (Caritat 
et al, 2022c).  The data can be visualised and interrogated 
via an online application6. Over 150 different minerals 
have been identified from over 18 million individual grains 
across 188 samples in the Barkly–Isa–Georgetown region. 
These include a range of copper- and zinc-bearing minerals 
that may provide subtle indications of mineralisation in 
catchment areas.

Conclusions

The Exploring for the Future program continues to acquire 
and deliver a diverse range of precompetitive datasets and 
products at a range of scales to characterise the geology 
and resource potential of northern Australia. Significant 
exploration tenement uptake has occurred for both mineral 
and energy resources, particularly in the Barkly region, 
at least partly as a result of this new precompetitive data. 
By that measure, the EFTF program has been successful, 
although the ultimate mark of success will be the discovery 
of major new resources for the benefit of the region and the 
nation.
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