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Deep heat—Australia’s 
energy future?

Australians love energy. Almost all facets of our modern life depend on it. For much of 

Australia’s European history, our major energy sources have been from hydrocarbons. 

These, however, are non-renewable and come with increasing environmental and other 

concerns. In a carbon-constrained future, where will Australia’s energy come from? 

What will power us into the next century and beyond? The answer is literally beneath 

our feet—our radioactive heritage. Australia is endowed with uranium (U), thorium 

(Th) and resultant thermal energy. The energy generated by the natural breakdown of 

radioactive elements is immense and can be captured not only by fission of U and Th 

in nuclear reactors, but by the use of geothermal energy, using Earth’s in-situ heat from 

this radioactive decay to generate electrical power. Both have potential to supply energy 

for Australia for thousands of years, particularly geothermal energy—it is renewable and 

environmentally friendly, and Australia has vast thermal resources, which, if harnessed, 

could power our future. 

David C Champion, Simon van der Wielen and Lesley A Wyborn
Geoscience Australia

Image by Sam Clark
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Future energy
The Australian people, and the Australian way 

of life, are strongly dependent on energy. It helps 

us to overcome the very things that define and 

characterise us—a relatively small, widely dispersed 

population in a large, mostly hot and dry country. 

This energy moves us around our cities and the 

country, cools us over our long, hot summers, 

warms us in winter, helps feed and entertain us 

and makes the internet possible, as well as allowing 

us, and the nation, to make a living. There is 

almost no facet of our modern life that does not 

depend, to some extent, on access to energy in its 

different forms.

This is especially true of high-grade (concentrated) 

energy, such as fossil fuels. Many of the great 

steps in the world’s modernisation and economic 

expansion have been driven by this energy source. 

The switch to coal drove the industrial revolution, 

while oil and electricity drove the great advances 

made in the 20th century. 

Australians also benefit from the flip side of energy 

use—energy supply (see Did you know? 10.1). 

Our geological heritage has resulted in us having 

abundant energy resources—particularly coal (black 

and brown), oil, gas and uranium (Figure 10.1). 

Australia is a large producer of energy which is 

used domestically and exported to other countries 

(Chapter 9). Australians also rely heavily on these 

resources to provide us with the lifeblood of 

modern living—electricity. 

Energy is, therefore, both a necessary ingredient 

and a strong contributor to the nation’s wealth and 

living standards—and there is a strong positive 

Figure 10.1 (opposite): Major energy resources of Australia 
(excluding hydro and bioenergy), showing demonstrated 
current coal, gas, oil and uranium energy resources for the 
Australian continent. Potentially favourable areas for tidal, 
wave, wind, solar and geothermal energy are also shown, as 
are localities mentioned in this chapter. (Source: Geoscience 
Australia & Australian Bureau of Agricultural and Resouce 
Economics, 2010)

correlation between energy consumption and 

gross domestic product (GDP). The flip side to 

these benefits is that our economy and our way 

of life are vitally dependent on continuing access 

to reliable and sustainable energy. Fossil fuels—

coal, oil and gas—are under threat from a variety 

of concerns. In a carbon-constrained future, where 

will Australia’s energy come from? What will power 

us into the next century and beyond? A possible 

solution is at hand—or more literally ‘at our feet’. 

Australia’s geological heritage has left us with a 

radioactive endowment that can be exploited as 

nuclear and geothermal energy—an endowment 

that may power Australians into the future.

Beyond fossil fuels?
Why does Australia need to contemplate alternative 

future energies? Fossil fuels have served us well 

and continue to do so. Why won’t this continue? 

The simple answer is that in the short term they 

will; in the long term, however, they probably 

will not play such a dominant role. Australia’s 

(and the world’s) continued use of coal, oil and gas 

is threatened by a triumvirate of related concerns: 

•	  increasing energy consumption and demand for 

energy resources, which is placing increasing 

pressure on supply, affecting availability and 

affordability

•	  depletion of economic resources, as fossil fuels 

are non-renewable, their continued long-term 

usage is not sustainable and the rate of discovery 

of new resources, especially oil, is generally 

decreasing
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•	  environmental concerns, as the burning of fossil 

fuels produces pollutants that have, or may 

have, short- and long-term environmental 

implications for the world; greenhouse gases, 

such as CO
2
, and their effects on the world 

climate, are of chief concern.

Australia is not immune to the long-term 

implications of depleting hydrocarbon resources. 

Although Australia has large reserves of coal 

and gas (Figure 10.1; Chapters 4 and 9), we are 

increasingly reliant on imported crude oil and 

refined petroleum products. Environmental 

concerns are more urgent. Australia is a world 

leader in greenhouse gas emissions—per capita, 

because of Australia’s small population, one of the 

highest in the world, and certainly the highest in 

the Organisation for Economic Cooperation and 

Development (OECD) countries. Paradoxically, it 

is Australia’s abundant coal resource, and reliance 

Melbourne skyline at 
night, Victoria. Most of 
the electricity powering 
Melbourne is generated 
by burning brown coal 
from the Gippsland Basin.

upon it, that is largely responsible for the high 

carbon footprint (Box  10.1). 

Numerous strategies have been proposed to reduce 

greenhouse gas emissions, including carbon 

mitigation and switching to cleaner hydrocarbons 

(Box 10.1). For example, Australia’s CO
2
 emissions 

can be reduced significantly by switching to 

gas-fired electricity generation. The non-renewable 

nature of fossil fuels and the requirements for 

long-term sustainability, however, mean that 

sooner or later Australians will require a switch to 

cleaner, renewable, or near-renewable, energies. 

Environmental concerns are only driving this 

switch more rapidly. 

Of course, not just Australia, but all countries, 

will have to modify their energy mix. This has a 

number of implications for Australia as an energy 

supplier, including impacts on the monetary and 

strategic value of the energy resources (Chapter 9). 

© Getty Images [D McCardle]



ENERGY AND AUSTRALIA’S GREENHOUSE  
GAS EMISSIONS  (BOX 10.1)

Australia is a world-class producer of greenhouse 
gases, with CO2 being a major contributor. Studies 
into why our per-capita emissions are high show 
a strong relationship to our geological heritage: 

•	  Abundant coal: Electricity generation in 
Australia is dominated by coal rather than more 
greenhouse-friendly generation elsewhere  
(e.g. solar, hydroelectric, nuclear). Electricity 
generation is responsible for more than half 
our energy-related emissions. 

•	  Abundant space: Australia, a large country 
with a very low population (Chapter 1), 
has high road transport-related emissions. 
Surprisingly, a significant part of this relates 
to intra-city travel. The great Australian dream 
of our own block of land (the ubiquitous 
‘quarter-acre’, about 1000 m2) has led to 
sprawling, transport-inefficient cities.

Population densities for Australian cities are low 
(Figure B10.1), with correspondingly large areal 
footprints. They follow a trend similar to those for 
cities in the United States and Canada, with little 
significant change in density with changes in the 
population of the city. In contrast, Asian (and other 
world) cities show a strong positive correlation 
between population and density, such that more 
populous cities have much greater densities of 
people. This tends to result in more efficient 
transport networks, including public transport, 
and less transport-related emissions (although 
additional factors are also important).

Strategies for reducing energy-related greenhouse 
gas emissions in Australia have been suggested, 
including:
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•	 Having our (coal) cake and eating it—

mitigation processes, such as carbon capture 
and storage (Chapter 11), which will allow us 
to continue utilising our extensive fossil fuel 
resources by disposing of greenhouse gases.

•	 A gassy cake? Different key ingredient—
switching to ‘cleaner’ fossil fuels. For example, 
switching from coal to gas for electricity 
generation will substantially decrease emissions, 
by 40% or more for CO2, and significantly more 
for nitrogen, sulfur and particulate matter. This 
comes with an added energy-security advantage 
in that we can use Australia’s large (and 
increasing) gas resources (Chapters 4 and 9).

•	 A brand new (yellow?) cake—switching to 
alternative cleaner energies (e.g. wind, tidal, 
solar, geothermal or nuclear energy).

Figure B10.1: City populations versus people density 
for cities around the world. Population and density data 
(compiled in 2007) are from the City Mayors Foundation web site 
(www.citymayors.com/statistics/largest-cities-density-250.html).

Aerial view of Melbourne, Victoria, suburbs.

© J Banagan, Lonely Planet Images

http://www.citymayors.com/statistics/largest-cities-density-250.html
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Future energy resources 
and Australia

The World Energy Council suggests that future 

energy supplies will need to meet what it calls the 

three As: 

•	 accessible (affordable for all)

•	  available (secure, reliable and sustainable in the  

long term)

•	  acceptable (meeting environmental as well as 

social targets).

Given the future strategic value of indigenous 

energy sources, another ‘A’ can be added to this 

list: Australian (home-grown) energy—the most 

secure energy accessible.

Australia, by virtue of its geological heritage 

(Chapters 4, 5 and 6), is potentially well placed to 

make use of many alternative energies, especially 

for electricity generation. Australia’s hot, arid 

environment suggests that solar energy should 

be a significant potential energy source. Australia 

also has large areas where tidal, wave and wind 

energy may be viable (Figure 10.1). These 

alternative energies certainly meet a number of the 

‘A’ requirements. Whether or not they have the 

potential to fully meet Australia’s peak- or base-load 

energy requirements is less certain. 

There are other indigenous energy options for 

Australia that utilise the immense energy generated 

by the naturally occurring breakdown of radioactive 

elements. These are options that overseas experience 

shows can make significant contributions to a 

nation’s energy demands.

Bayswater coal-fired power station, Lake Liddell, Hunter Valley, 
New South Wales.

© Getty Images [B Wickham]
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Australia: the hot continent
Red on the inside  —a radioactive-
powered future?

Radioactive decay—the breakdown of unstable 

(parent) isotopes of certain elements by 

transformation of the nuclei and formation of new 

(daughter) isotopes—releases large amounts of 

energy, typically in the form of heat. It is a major 

energy source for planet Earth, provided largely 

by the decay of just three elements, uranium 

(U), thorium (Th) and potassium (K) —known 

collectively as heat-producing elements (HPEs). 

Radioactive decay is also an energy source that 

can be exploited for human use. The breakdown 

of one atom of U or Th produces more than one 

million times as much energy as that released by 

the combustion of a molecule of petrol. 

Australia is a hot country, but Australia’s heat 

is not restricted to the sun-baked surface 

alone (Chapter 1). The Australian continent, 

through its geological heritage, is endowed with 

well-above-average concentrations of the HPEs, 

such as U and Th. 

The continent has large U and Th resources, as 

well as ‘hot’ regions of crust characterised by high 

heat flow (red on the inside). Together, these have 

the potential to significantly underpin Australia’s 

energy requirements well into the future, either 

by fission in nuclear reactors or as geothermal 

energy (i.e. using Earth’s in-situ heat to generate 

power). The latter, in particular, has the potential 

to supply large amounts of ‘green’ energy for 

Australia’s future. 

Australia’s uranium, thorium and 
thermal endowment

U and Th resources

Australia has around 33% and 20% of the 

world’s current economic demonstrated resources 

of U and Th, respectively (Figure 10.2). This 

high percentage of the world’s U is skewed by 

the supergiant Olympic Dam mine in South 

Australia, which on its own contains about 30% 

of the world’s known U resource (Chapter 8). 

Significant other U resources occur elsewhere in 

South Australia, and also in the Northern Territory 

and Western Australia (Figure 10.3). Th is more 

evenly distributed, with significant deposits found 

in all states (Figure 10.3). The Th data are almost 

certainly not a true indication of total resources, 

however, as there is little current world demand for 

this metal, and little current exploration. Available 

figures are based on the few deposit types where 

Th occurs as a by-product. 

Australia’s thermal endowment

Heat contained within Earth’s crust is also a 

valuable resource of energy and, like U and Th, is 

unevenly distributed. Surface heat-flow and (5 km) 

depth-temperature maps both show significant 

geographical variation in Australia’s thermal energy 

endowment (Figure 10.4). Consideration of world 

surface heat-flow data shows that, although the 

measured heat-flow range observed in Australia is 

not very different from that in other continents, 

there are a significant number of elevated heat-flow 

values measurements (>60 mWm-2; Figure 10.5). 

A notable feature is the concentration of high-heat 

10.1: Energy in Australia

Australia is a large producer and consumer of energy, 
ranking 20th in total consumption and 15th on a 
per-capita basis. Australians spend  about $50 B on 
energy every year. Australia is the 9th largest energy 
producer in the world, with 17 700 PJ produced. 
More than 60% of this energy is exported, generating 
significant earnings ($57.5 B in 2009–10). 

The energy industry directly employs some 
11 000 people and indirectly many others. Our 
reliable cheap energy also benefits other industries. 
Mining, agriculture and manufacturing utilise 
around 31% of our domestic energy consumption, 
while approximately 25% is used by transport 
industries (mostly road transport). Around 30% 
of the total energy budget is used to generate 
electricity (chiefly by burning coal).

Excavator bucket loaded with coal, Ensham coal mine, 
Queensland.

Image by Mining Photo

you 
Did 

know?
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regions within Proterozoic basement terranes, 

especially in the central part of Australia—the 

Central Australian Heat Flow Province. This is, in 

many ways, a surprising result that illustrates the 

anomalous elevated thermal endowment of some 

Australian regions. The majority of high heat-flow 

regions in the world are within active tectonic 

regimes (e.g. plate margins, characterised by active 

volcanism and significant advective heat-flow into 

the crust), or in young crustal regions that have 

recently experienced active tectonics. Australia is 

not only dominated by older crust (mostly 3500 Ma 

to >100 Ma) but occurs within the middle of the 

Australian Plate (Figure 2.1), well away from active 

tectonic margins (Chapter 2). For such regions, 

heat flow is expected to be reduced and certainly 

not the high heat flows evident within parts of 

the Australian Proterozoic. Just how anomalous 

the latter is in Australia is well illustrated by 

comparisons with Proterozoic-aged rocks elsewhere 

(Figure 10.5). 

The relationship to granites

To explain why Australia has such a radioactive 

heritage, the distribution of the three elements 

U, Th and K in the Australian continent needs 

to be explained—not just where these elements 

are concentrated in the crust but when they 

Remarkable Rocks, 500 Ma granites from Kangaroo Island, South Australia.
Granites, and their extrusive equivalents, are primarily responsible for the enrichment of the 
upper continental crust in the heat-producing elements potassium, thorium and uranium.

Image by Jim Mason

got there. In many respects this is a story about 

granites—the ‘engine room’ of the U, Th and K 

world. Not only do granites make fabulous scenery 

and great bench-tops, but these same rocks are 

largely responsible for enriching the upper crust 

in U, Th and K. Granites are the end product in 

a chain of processes that have allowed some of 

the rarest elements in the solar system to become 

concentrated at crustal depths shallow enough for 

people to exploit. Importantly, the U, Th and K 

contents of granites are variable, and some granites 

(and associated rocks) are much more strongly 

endowed with U, Th and K than most. As we shall 

see, these are not just confined to specific regions 

of Australia but are also associated with specific 

geological ages. We have suggested that Australia’s 

U, Th and thermal endowment relates ultimately 

to granites and similar rocks. Is there a spatial 

correlation between granites and Australia’s U, Th 

and heat resources? The simple answer is ‘yes’, but 

with some qualifications. The best correlation is 

with granites that themselves have above-average 

levels of U, Th and K, the so-called ‘hot’ or high 

heat-producing (HHP) granites. U best illustrates 

this relationship. 

Within Australia, there is a strong spatial 

association of U mineralisation with U-enriched 

granites (and volcanic rocks) (Figure 10.6). This is 
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the case even where the mineralisation may be 

many millions, even billions, of years younger than 

the granites (Box 10.2). This is another example 

of a mineral system (Figure 8.5), where a younger 

mineralising event has simply tapped an old source 

rock enriched in U, concentrating the metal to 

form a new deposit (e.g. Beverley and Four Mile 

in South Australia). There is a weaker correlation 

between Th mineralisation and granites. This has 

more to do with the geochemical behaviour of Th 

and the nature of Australian Th deposits than the 

lack of any relationship (Box 10.2). Th deposits in 

Australia are dominantly placer-style beach-sand 

deposits (i.e. concentrations of heavy minerals 

such as the Th-bearing monazite). They are formed 

by a process not unlike that for alluvial gold. In 

such deposits, heavy minerals such as monazite, 

although ultimately derived from granites and 

related rocks, have been transported often great 

distances, so that the spatial association with the 

original Th source is difficult to establish.

Around 80% of Earth’s present thermal energy 

budget is dominated by radiogenic heat from 

radioactive decay. It is reasonable, therefore, to 

assume that elevated upper crustal temperatures, 

in relatively tectonically inactive continents like 

Australia (Chapter 2), are primarily a response to 

elevated radiogenic heat production within the 

crust of those continents. Indeed, such a correlation 

has, at least locally, been demonstrated. Regions of 

high heat flow in Australia are either known to be, 

or are thought to be, associated with the presence 

of high heat-producing granites. Notably, the 

converse is not true. Not all high heat-producing 

granites are associated with elevated surface 

Figure 10.2: Australia’s percentage of world economic resources 
for Th and U. 

heat-flow or predicted high temperatures at 5 km 

or, for that matter, U mineralisation (Figure 10.6). 

Additional processes are required —in particular, 

the requirement for overlying insulating rocks, 

such as coal and shale, in sedimentary basins. 

These act as thermal blankets, retarding the 

escape of thermal energy from the buried high 

heat-producing granites, providing optimum 

conditions for elevated temperatures in old, 

tectonically stable continents, such as Australia. 

Given Australia’s endowment of U, Th and K, 

it is really not surprising that the continent also 

contains regions of anomalously hot crust. What in 

Australia’s geological heritage has been responsible 

for such endowment? 

Why Australia?
Crustal zonation

The question of why Australia is enriched in 

the heat-producing elements is complex and 

contentious. At the simplest level, the general 

mechanism for enriching upper continental crust 

in U, Th and K reflects the magmatic processes that 

formed the crust itself. Planetary differentiation 

processes, formation of the core, the mantle and, 

especially, the crust, have resulted in a strongly 

zoned Earth with regard to heat-producing 

elements, with the greatest concentrations in the 

continental crust. The latter, however, is itself 

strongly zoned. The majority of the crustal budget 

of U, Th and K resides in the upper approximately 

10 km of crust. In fact, estimates suggest that 

around 30% of Earth’s total budget of Th and U 

resides in this thin layer of Earth, with Th and 
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Figure 10.3: Distribution of Australian U and Th deposits and prospects. Note that the U prospects are almost all located in the older 
western two-thirds of the continent (Chapter 2), while the Th prospects tend to be located in the Murray Basin and other relatively young 
geological (coastal) settings. (Sources: modified from Department of Resources, Energy and Tourism, 2011; Miezitis et al., 2012)

U concentrations more than 100 times those of 

the primitive mantle composition. This zonation 

is dictated by the geochemical behaviour of the 

heat-producing elements (Box 10.2; Figure 10.7). 

Not just where, but when?

Although the continental crust is broadly zoned, it 

should be stressed that the crust is in reality very 

heterogeneous. In Australia, there are significant 

geographical variations in U and Th distribution 

and heat flow—the supergiant Olympic Dam 

deposit (Figure 10.3), for example, is one area 

enriched in U. This heterogeneity reflects both 

a variety of processes and the cumulative and 

largely non-destructive nature of continental 

crust. Continental crust is persistent and can be 

built up over time. In the Georgetown region of 

north Queensland (Figure 10.4), for example, 

a geologist can walk a day-traverse from rocks 

1600 Ma in age over rocks 430 Ma, 320 Ma, 

280 Ma, 130 Ma and 2 Ma in age, stopping to have 

lunch on river sediments being deposited today. 

The concentration of heat-producing elements is 

very uneven in this small area, with the 320 Ma 

granites being particularly enriched (see later). In 

broad terms, the Proterozoic rocks in the central 

third of Australia are characterised by unusually 

high heat-flows (Figure 10.4). In trying to explain 

Australia’s heat-producing element endowment, we 

need to focus not just on the processes responsible 

for crust formation and crustal zonation, but 

also on the more difficult question of how such 

processes may have varied through time. Only then 

can we begin to explain the irregular U, Th and K 

enrichment within the Australian continent.



In-situ recovery uranium mining at the Beverley mine, 
South Australia (Figure 10.3), showing well fields with both 
injection and recovery wells.

The geochemical behaviour of elements 
is ultimately controlled by their atomic 
characteristics, such as atomic radius and 
electronegativity. Potassium (K), an alkali metal, 
has a low ionic potential and a large ionic radius. 
In magmatic systems, it commonly behaves as 
an incompatible element (i.e. it is excluded from 
many minerals and preferentially favours the 
melt). Thorium (Th) and uranium (U) are part of 
the actinide series (inner transition elements), 
which have relatively small ionic radii and are 
highly charged, often with multiple oxidation 
states—for example, U can vary from U3+ to U6+. 
This combination makes these elements also 
largely incompatible in most common minerals, 
such that, like K, melts are generally higher in Th 
and U (Figure 10.7). 

This incompatible behaviour in most magmatic 
systems is the main reason why Th and U and, to a 
lesser extent, K, are concentrated in the continental 
crust (produced largely by partial melting of the 
mantle), and then in the upper continental crust 
(by partial melting of lower continental crust) 
(Figure 10.7). The multivalent nature of U also 
makes the element more susceptible to changes 
in oxidation state; U (as U6+) is very mobile under 
oxidising conditions. This is why U is significantly 
more susceptible to surficial processes and 
remobilisation than Th, and why significant amounts 
of U appear to be ‘missing’ from the weathered 
surface of Australia (see Did you know? 10.2). In 
contrast, the more immobile nature of Th (and its 
incompatibility) is why this element is commonly 
found in placer deposits. It is geologically easier 

CONCENTRATION OF HEAT-PRODUCING 
ELEMENTS IN THE UPPER CRUST (BOX 10.2)

to concentrate Th-rich minerals, such as monazite, 
by weathering and subsequent fluvial and marine 
hydraulic processes than by mobilising the element 
Th itself.

There is a strong spatial association of U 
mineralisation with areas of high heat-producing 
(HHP) granites (and volcanic rocks) in Australia 
(Figure 10.6). Importantly, this appears to be the 
case even where the actual age of U mineralisation 
may be significantly younger, highlighting its 
often mobile nature (Figure 10.6). A spectacular 
example of this is in the calcrete-U deposits of 
Western Australia, such as the soon-to-be-mined 
Yeelirrie deposit. The U in the calcrete was 
deposited within a salt-lake environment more 
than 2.5 Gyr after the first concentration of U 
in the upper crust by the emplacement of high 
heat-producing granites. Very young processes 
of landscape (Chapter 5) and groundwater 
(Chapter 7) evolution have simply made use of the 
available U, concentrating it even further to form 
potentially economic deposits. 

The mobile nature of U has also been exploited for 
in-situ recovery U mining, where the U is leached 
in-situ, using either an acid or alkaline leaching 
solution, in conjunction with an oxidising agent, 
which are pumped through the ore body, obviating 
the need for conventional extractive mining 
techniques (open-cut or underground mining). 
The pregnant fluids are pumped to the surface, 
where the U is extracted.



495Deep heat —Australia’s energy future?

Figure 10.4: (a) Surface heat-flow data (in mWm-2) for Australia, superimposed on continental-scale interpretation of the temperature field at 
5 km depth. Depth prediction based on bottom-hole temperature measurements in petroleum and water bore holes. (Source: Gerner & Holgate, 
2010). Black lines delineate the Western, Central [Australian] and Eastern heat-flow provinces. (Source: Mike Sandiford (cited in Tyler, 2006); 
Weber et al., 2011). (b) Western, Central [Australian] and Eastern heat-flow provinces superimposed on exposed Precambrian basement.
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The role of granites—vertical and 
horizontal zonation

The processes that have resulted in an upper 

continental crust enriched in U, Th and K are 

primarily magmatic. The behaviour of U and Th 

in magmatic systems is generally well understood. 

These elements mostly behave incompatibly, 

meaning that they prefer to be with the melt, not 

the solid (Box 10.2). A simple analogy is an ice 

block. When it starts to melt, Th and U are among 

the first in the water; when it freezes again, they 

are among the last out of the water. If liquid water 

is separated from melting ice (or the melt from the 

solid, as happens when a magma forms or starts to 

solidify), those elements that love the melt, such 

as Th and U (and also K), are concentrated within 

the melt and depleted in the solid (Figure 10.7; 

Box 10.2). 

Of course, Earth is more complex than an ice cube, 

but this simple analogy largely holds (Figure 10.7). 

The continental crust is, in its simplest form, a 

heterogeneous collection of partial melts of Earth’s 

mantle—melts that have progressively scavenged 

U and Th, and less so K, from the mantle and 

concentrated them within the crust. The crust 

itself has been, and continues to be, modified by a 

variety of processes—processes that redistribute U, 

Th and K. These include those readily observable, 

such as the veneer of weathering and sedimentation 

that have produced the current Australian 

landscape (Chapter 5), and those less observable, 

but nonetheless important, such as magmatism. 

The latter is chiefly responsible for the strong 

vertical crustal zonation in U, Th and K. Just as 

mantle melts scavenge these elements from the 

Figure 10.5: Histogram showing global continental heat-flow 
data, by geological age, compared with heat-flow data 
from Proterozoic and Archean terranes in Australia. The 
Australian Proterozoic is a standout in terms of heat flow. 
Coloured boxes are the age range and mean (±1 s.d.) of 
heat-flow measurements from provinces around the world 
(blue) and Proterozoic and Archean provinces (orange) in 
Australia. (Sources: Morgan, 1984; McLaren et al., 2003)
A = Archean; ePt = Early Proterozoic; lPt = Late Proterozoic; 
eP = Early Paleozoic; lP = Late Paleozoic; C = Cenozoic; 
M = Mesozoic

mantle and enrich the crust, melting of lower and 

middle continental crust is the dominant process in 

mobilising U, Th and K into the upper continental 

crust, although differentiation processes subsequent 

to partial melting, such as crystal fractionation, 

also contribute (Figure 10.7; Box 10.2). The more 

feldspar- and quartz-rich nature of continental 

crust dictates that the bulk of this transfer will 

be by felsic magmatism (i.e. granites and related 

rocks). Felsic magmatism is also responsible for 

much of the regional variation observed in U, 

Th and K, governed by the overall abundance of 

granites within a region, and the actual U, Th and 

K contents within those granites. Not all granites 

are equal; it is those high heat-producing granites 

with elevated U, Th and K that are most closely 

associated with U mineralisation or high heat flow 

in Australia (Figure 10.6). 

To better understand why, and when, the Australian 

crust became enriched in heat-producing elements, 

a better understanding of felsic, especially high 

heat-producing, magmatism is required. Only 

when we know the where and when of such 

magmatism can we begin to isolate the potential 

mechanisms responsible for the heat-producing 

element enrichment in Australia.

The heat-producer’s guide 
to Australia
Where and when?

Granites, and other felsic magmatism products, 

are not only widespread in Australia but span 

a prolonged age range—more than 3.5 Gyr 

(Figures 10.8a and 10.8b), from the oldest 
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Figure 10.6: Distribution of Australian U deposits in relation to occurrences of granites known to have at least 10 ppm U. Note the close 
spatial relationship between U-rich granites and U deposits.

Paleoarchean rocks (ca 3.48–3.25 Ga) in Western 

Australia to very young granites in eastern Australia 

(<30 Ma). Their distribution through time is not 

uniform. Calculated outcrop surface areas show 

major peaks in the amount of felsic magmatism 

during the Neoarchean, Paleoproterozoic and 

Mesoproterozoic, and during the Middle to 

Late Paleozoic (Silurian to Permian and Early 

Triassic; Figure 10.8b). Very similar time peaks 

are obtained from available U–Pb age data for 

igneous rocks (Figure 2.20). To explain Australia’s 

radioactive heritage, we need to focus on the high 

heat-producing granites. Can we identify where 

these are and when they formed?

It is fact that certain ages of felsic magmatism 

in Australia, such as the Mesoproterozoic, are 

characterised by elevated concentrations of U, 

Th and K. To demonstrate this, we combined 

Geoscience Australia’s extensive whole-rock 

geochemical database with the remotely sensed 

gamma-ray data (Figure 2.5). This analysis 

provides a uniform and unbiased estimate of the 

concentration of heat-producing elements at 

the surface across the entire Australian continent 

(see Did you know? 10.2). 

Results from geochemical and gamma-ray data 

(Figures 10.9 and 10.10) confirm that high 

heat-producing magmatism in Australia is not 

homogeneously distributed in space or time. There 

are strong localisations within Western Australia, 

South Australia, the Northern Territory and 

northern Queensland, and in Archean, (Paleo- to) 

Mesoproterozoic, and some Carboniferous–Permian 

rocks. Just as importantly, there are obvious 

age periods that appear to have little or no high 
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Figure 10.7: Partial melting and fractional crystallisation are two magmatic processes that mobilise the heat-producing elements (HPE) 
U, Th and K. The cartoon illustrates the effects of both partial melting of the lower crust and fractional crystallisation of a magma. 
Both processes result in a melt and a solid component, but because U, Th and K commonly behave incompatibly, they prefer (i.e. are 
concentrated within) the melt component. When rocks undergo partial melting (they never fully melt), they usually produce a U-, Th- and 
K-enriched melt and a residue (the unmelted bits) depleted in these elements. Similarly, when magma undergoes crystal fractionation, the 
solid component (the early formed minerals) is depleted in Th, U and K, and the remaining melt is enriched. For either process to work, 
the melt component must be separated from the solid. This is the norm for partial melting. Partial melts are buoyant and eventually move 
upwards away from the source, carrying much of the U, Th and K with them, and producing their pronounced zonation in the continental 
crust. Similar melt–solid separation also occurs with crystal fractionation. Unlike partial melting, crystal fractionation processes can occur 
at all crustal levels, from near the zone of melting to high in the upper crust.

heat-producing magmatism—for example, the Early 

to Middle Paleozoic (Cambrian to Devonian) —

despite an abundance of felsic rocks of this age 

(Figure 10.8b).

Figure 10.10 also highlights other points regarding 

secular changes in Th (and U) in Australia:

•	 The Proterozoic Eon is the most enriched time 

period for Th (and U).

•	 Average Th increases from the early Archean 

through to the Mesoproterozoic.

•	 There is a pronounced decrease in Th from the 

Neoproterozoic onwards (although the dataset 

for the Neoproterozoic is small).

•	  A significant portion of felsic magmatism is 

strongly enriched in Th (and U) relative to 

modern arc environments. 

Figures 10.8, 10.9 and 10.10 show why granites 

are so important in transporting U, Th and K 

into the upper crust. This is easily understood by 

looking at estimates of the actual amounts of U 

and Th (in tonnes) contained by the granites of 

each age period. For example, using average U 

or Th contents (Figure 10.10), combined with 

outcrop surface areas (Figure 10.8) and making 

assumptions about rock densities, it can be shown 

that the Silurian–Devonian granites of Australia 

contain an estimated 2800 Mt of Th and 600 Mt  

of U for every kilometre of depth extent. 

Combining granites of all ages gives an estimate 

of nearly 15 000 Mt of Th and around 3000 Mt 

of U; these amounts increase if we assume average 

granite thicknesses of 2–4 km (and constant 

concentrations of U and Th). Although these 
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figures are only estimates, they clearly give an 

indication of the very large amounts of the 

U, Th and K being transferred to the upper 

continental crust, and the important role of high 

heat-producing magmatism.

The Neoarchean to Mesoproterozoic 
heat-producing element bonanza

It is also worth noting that the peaks of high 

heat-producing magmatism do not coincide with 

the peaks of felsic (or even total) magmatism 

in Australia (Figure 10.8b). This is not an 

unexpected result—just on simple mass balance 

considerations, Th and U are insufficient in the 

continental crust to produce large volumes of high 

Bald Rock, a large Early 
Triassic granite dome, south of 
Stanthorpe, Queensland.

heat-producing granites. These same constraints 

are what make the enriched periods even more 

remarkable. Interestingly, it appears that, at the 

continental scale, the high heat-producing granites 

tend to closely follow after peaks in granite 

magmatism (Figure 10.8b). This is evident for 

the Carboniferous and Mesoproterozoic peaks 

but also (see below) true for the Neoarchean. It 

is evident from the data that huge amounts of U, 

Th and K were mobilised during the Neoarchean, 

Paleoproterozoic and, to a lesser extent, the Middle 

and Late Paleozoic. This raises some interesting 

additional questions that need consideration 

when trying to explain these enrichments in 

Australia. In particular, what role, if any, does 

© Getty Images [N Green]
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this prior voluminous magmatism play? Is it a 

necessary precursor for the following high heat-

producing magmatism, for example, which brings 

significant U, Th and K into the crust? Perhaps 

it is not a necessary precursor but simply part 

of a common evolutionary cycle—for example, 

high heat-producing granites are often considered 

(rather nebulously) as post-tectonic or post-

collisional. It does suggest, however, that prior 

history (and not just contemporaneous processes) 

might have played an important role in producing 

high heat-producing granites—this is certainly the 

case for some high heat-producing magmatism.

How and when to get a high 
heat-producing granite

To better understand the endowment of the 

heat-producing elements U, Th and K in Australia, 

we need to explain satisfactorily the enrichments 

in the felsic magmatism for the Late Archean, 

Mesoproterozoic and Carboniferous—the three 

big peaks in Australia’s high heat-producing 

magmatism—and why they occur when they 

do. This includes taking into consideration 

prior magmatism and the related geodynamics 

of such magmatism. There are additional factors 

to consider. High heat-producing granites, by 

definition, are more enriched in U, Th and K than 

average granite. How to explain these enrichments? 

There are two obvious solutions—either the 

enrichment process was much more efficient for 

these granites, or the starting concentrations of U 

and Th (and K) were already elevated. Both can 

produce magmatism with elevated heat-producing 

elements, but could either process produce large 

areas of such high heat-producing magmatism? 

Figure 10.8: (a) Distribution of granites and their ages within Australia, superimposed on crustal elements (Figure 2.10). The granite 
distribution is derived from the Surface Geology Map of Australia (Figure 2.7), with a 100 m buffer applied. Note the overall trend of 
magmatism younging to the east, as well as the large areas of cover (in light brown) masking basement rocks (Chapter 5). 
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Figure 10.8: (b) Relative surface area of all magmatism, felsic 
magmatism and felsic intrusive magmatism, by age. Data 
calculated from surface outcrop based on the Surface Geology 
Map of Australia (Figure 2.7). Archean eons are readjusted to 
correct for over-representation of the Paleoarchean in the Surface 
Geology Map. Peaks in Australian felsic magmatism occur in the  
Neoarchean to the Mesoproterozoic, and in the Middle to Late 
Paleozoic (Silurian to Permian and Early Triassic). Compilations 
of available geochronology for magmatic ages in Australia 
(Figure 2.20) show very similar, although more precise, curves. 
Note that the X-axis here is not linear—refer to Figure 2.20 
for the linear scale. The average Th content of granites by age 
(Figure 10.10) is also shown for comparison. The scale for the Th 
line is not shown.

The answer is ‘yes’. The high heat-producing 

magmatism observed in Australia illustrates the 

efficiency of the two processes—partial melting 

of rocks already enriched in the heat-producing 

elements to produce the Archean high 

heat-producing granites (Figure 10.11); and extreme 

differentiation, increasing the heat-producing 

elements by processes within the melt, such as 

crystal fractionation, to produce the Carboniferous 

high heat-producing granites (Figure 10.12). 

This is not the whole story. These processes do 

not take into account (geodynamic) drivers, 

nor do they satisfactorily explain the causes of 

the prolonged high heat-producing magmatism 

evident in the Australian Proterozoic. Additional 

factors must be involved, and these are discussed 

below (under ‘Proterozoic enrichment’).

Archean enrichment

Although Archean granites occur in South Australia 

and the Northern Territory, they are most abundant 

in the Pilbara and Yilgarn cratons of central 

and southern Western Australia (Figure 10.8a). 

Relatively widespread high heat-producing granites 

of Mesoarchean age (ca 2.95–2.85 Ga) occur in 

the Pilbara Craton, making them the oldest such 

granites in Australia and, in fact, some of the 

oldest on Earth. The extremely voluminous high 

heat-producing granites in the Yilgarn Craton are 

Neoarchean (ca 2.655–2.63 Ga) and form one of 

the largest exposed occurrences of Archean high 

heat-producing granites in the world. 

The elevated heat-producing element contents 

in these granites (Figure 10.11c) are largely a 

function of their being derived by partial melting 

(Figure 10.7) of granitic rocks that already had 

elevated (above crustal average) heat-producing 

element contents (Figure 10.11b). Subsequent 

further enrichment of the heat-producing elements 

by crystal fractionation processes played only a 

minor role. The appearance of K-rich granites is a 

feature of many Archean terranes around the world, 

especially in Neoarchean terranes (2.8–2.5 Ga). 

These granites are generally the last to appear 

and are interpreted as the first widespread partial 

melting of a granitic crust. 

One of the major requirements for producing large 

amounts of high heat-producing magmatism in 

this way is a much larger volume of source rocks 

(3–5 times larger). This is exactly what is seen in 

the Archean of Australia and elsewhere. Archean 

terranes, although complex, largely have a simple 

bimodal granite–greenstone geology, comprising 

supracrustal rocks dominated by basalt and other 
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Figure 10.9: Using geochemical data (n = 20 000) to map the distribution of high heat-producing granites in Australia. The figure shows the 
distribution of granite geochemical data that have either elevated U or Th contents, plotted on top of buffered granite outcrop (coloured by 
age). Of note is the non-uniform distribution of such elevated heat-producing element samples, with a strong localisation within Archean, 
(Paleoproterozoic to) Mesoproterozoic, and some Carboniferous–Permian rocks (Figure 10.8a). Granite age colours are as for Figure 10.8a. 
Location areas for Figures 10.11 and 10.12 are shown by the boxes.

volcanic rocks (greenstones) and voluminous 

granites (Chapter 2). More importantly, the 

majority of Archean granites belong to what is 

known as the tonalite–trondhjemite–granodiorite 

suite (TTGs), a class of granites distinguished 

by a characteristic sodic chemistry (high Na and 

low–moderate K), consistent with derivation by 

partial melting of basaltic source rocks. These 

rocks dominate most Archean terranes by volume, 

including those in Australia, and are ideal source 

rocks for the Archean high heat-producing granites.

The path to Archean high heat-producing granites, 

therefore, results from a simple three-step process 

(Figures 10.11b and 10.11c): 

•	  partial melting of Earth’s mantle to produce 

basaltic rocks

•	  partial melting of the basaltic rocks to produce 

tonalite–trondhjemite–granodiorite

•	  partial melting of tonalite–trondhjemite–

granodiorite to produce high heat-producing 

granites.

This process is well illustrated by the granites from 

the Yilgarn and Pilbara cratons (Figure 10.8a). 

The end result is a progressive build-up in U, Th 

and K at each stage (Figure 10.11). This increase 

comes with a corresponding decrease in melt 

volume, culminating in a rock enriched in the 

heat-producing elements—these are Archean high 

heat-producing granites. Think of a pyramid, with 

the high heat-producing granites at the apex. A vast 

amount of mantle partially melted to produce the 

basalts, which then partially melted to produce 

a smaller volume of tonalite–trondhjemite–
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granodiorite, which in turn partially melted to 

produce even less volume of high heat-producing 

granites. At each stage of volume reduction, there 

was a corresponding increase in heat-producing 

element concentration. This is recorded within the 

Yilgarn Craton, where the high heat-producing 

granites are one-quarter as abundant as the 

tonalite–trondhjemite–granodiorite, which is 

about the expected ratio. To get an idea of the 

absolute scale of these processes, we can look at 

surface areas of the high heat-producing granites 

in the Yilgarn Craton (Figure 10.11a). These are 

somewhere between the known 30 000 km2 and 

the estimated 100 000 km2. These numbers can 

probably be tripled when volumes and the third 

dimension are considered. Interestingly, these high 

heat-producing granites are thought to be located 

in granite domes beneath many of the deposits 

in the Eastern Goldfields of Western Australia 

(Chapter 8).

In detail, the process is more complex, and 

additional factors, such as multiple sources, 

come into play. A feature of Australian 

tonalite–trondhjemite–granodiorite magmatism 

is progressive heat-producing element enrichment 

with decreasing age; that is, younger tonalite–

trondhjemite–granodiorite tend to have higher 

U and Th contents than older ones (a trend that 

effectively continues into the high heat-producing 

granites). This probably reflects a component of 

older tonalite–trondhjemite–granodiorite (i.e. not 

just basaltic rocks) in the source. Such slightly more 

enriched tonalite–trondhjemite–granodiorite are 

common in both the Yilgarn and Pilbara cratons, 

and they have helped contribute to the high U, 

Figure 10.10: Average Th contents of Australian felsic intrusive 
rocks through time, as calculated from geochemical (red line) 
and gamma-ray (black line) data. Note the very good 
correspondence between the average Th calculated from 
the geochemistry and the average Th calculated from the 
gamma-ray data. Vertical bars show the 90th percentile values 
(from geochemical data), which emphasise the elevated values 
in the Neoarchean and Carboniferous, with the Mesoproterozoic 
being particularly elevated. Average Th contents for intrusive and 
extrusive rocks from modern-day island arcs, continental arcs, 
and island and continental arcs are also shown for comparison; 
note their much lower Th levels. (Sources: Geoscience Australia; 
GEOROC database, Mainz University)

Th and K contents within the Archean high 

heat-producing granites. It is likely that the 

latter also have a variety of components in their 

source. Importantly, although the broad process is 

understood, the geodynamic drivers responsible for 

these processes are not. There is a general, but not 

universal, consensus that tonalite–trondhjemite–

granodiorite were produced in an arc environment 

(Chapter 8), not unlike those seen today, although 

possibly on a hotter Earth (Box 10.3). What 

environment was responsible for producing the 

Archean high heat-producing granites, especially 

the large and widespread amounts in the Yilgarn 

Craton (Figure 10.11), is much more uncertain.
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Thermal springs , Witjira–Dalhousie 
National Park, South Australia.

© Getty Images [T Mead]

Australia was even hotter in the past. Paradoxically, 
the effects of radioactive decay work in both 
directions of time. The concentrations of radiogenic 
isotopes of U, Th and K increase the further back 
in time we go—for example, the 235U isotope was 
about twice as abundant at 4.5 Ga when Earth was 
formed. These changes probably had a number of 
important effects on Earth and Australia. 

Earth’s mantle was hotter in the past. This secular 
change in mantle temperature is commonly 
used to suggest that Archean geodynamics were 
different from those operative today, and may 
be the reason why Archean rocks such as the 
tonalite–trondhjemite–granodiorite (TTG) suite 
are largely confined to the early Earth. A further 
consequence is that heat flows would have been 
higher (20–30%, assuming similar geology). 

Areas of high heat flow today (Figure 10.4) may  
well have been significantly higher in the 
Proterozoic, affecting the behaviour and 
response of the crust (by weakening it), and 
possibly accounting for the episodic rifting and 
magmatism we see in Australian Paleoproterozoic 
and Mesoproterozoic terranes (Chapter 2). These 
higher geothermal gradients might even have 
been responsible for generation of some of the 
Proterozoic granites.

Contrary to expectations, Australia’s ‘hottest’ real 
estate is not in the cities of Sydney or Melbourne, 
but in a largely forgotten piece of arid Australia, 
some 200–300 km northwest of Broken Hill, in the 
Mount Painter and Mount Babbage inliers of South 
Australia (Figure B10.3a). Granites (and felsic 
volcanic rocks) in these areas include both 

HOT EARTH: AUSTRALIA’S HOTTEST 
REAL ESTATE (BOX 10.3)
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Figure B10.3: Interpreted solid geology of the Mount Painter 
region of South Australia. (a) Geochemical sample points ranked 
by heat production values for granites and related rocks of the 
Mount Painter and Mount Babbage inliers. (b) Heat production 
values for the Moolawatana Suite. Heat production is a measure 
of the rate of heat generation in these rocks (in μWm-3)—that is, 
the total heat production from U, Th and K.

Mesoproterozoic and Paleozoic ages, although 
it is the former, the rocks of the Moolawatana 
Suite, that are particularly enriched in Th and U. 
Granites of this suite can be subdivided on the 
basis of their geochemistry into two subgroups 
(Figure B10.3b), both of which are examples of 
high heat-producing granites, but the Mount 
Neill Subgroup is the standout, with calculated 
heat production values between 10 μWm-3 and 
130 μWm-3 (average of 25 μWm-3). 

We are not entirely sure how the extreme 
enrichments in the Mount Neill Subgroup were 
produced. It quite possibly reflects some form 
of alteration process, although the group of 
enriched elements (U, Th, rare earth elements and 
niobium—Nb) are also suggestive of magmatic 
processes. The high positive correlation between 
Nb (usually an immobile element in most alteration 
environments) and Th, for example, indicates that, 
if it is an alteration feature, it is an unusual one. 
High heat-producing regions, such as the Mount 
Painter and Mount Babbage inliers, offer another 
example of the enigma that is represented by 
the Paleoproterozoic and Mesoproterozoic in 
Australia. It is perhaps no surprise that nearby are 
the Paralana Hot Springs and U deposits, both 
local historical workings, as well as the operating 
Beverley Mine and the Four Mile prospect in the 
adjacent Lake Frome region. Even though the U 
deposits are significantly younger, it is likely that 
the U was sourced—directly or indirectly—from 
the Mount Painter or similar granites.



506 SHAPING A NATION | A Geology of Australia

Figure 10.11: Evolution of the high heat-producing (HHP) granites 
of the Archean Yilgarn Craton, Western Australia. (a) Simplified 
geological map of part of the Yilgarn Craton, showing the 
abundant tonalite–trondhjemite–granodiorite (TTG) suite granites 
(ca 3.0–2.655 Ga; in dark red) and the less abundant younger 
high heat-producing granites (ca 2.655–2.63 Ga; in green). Grey 
regions are the greenstones that are dominated by mafic (basaltic) 
lithologies. (b) Plots of total Fe (in wt% FeO) vs Th (ppm) for the 
Archean basalts and tonalite–trondhjemite–granodiorite granites 
of the Yilgarn Craton. Basaltic source rocks (grey) undergo partial 
melting to form the ubiquitous and voluminous Archean tonalite–
trondhjemite–granodiorite suite (red). (c) The latter then underwent 
partial melting to produce the younger high heat-producing 
granites (green). The average Th content of the upper continental 
crustal (UCC) is also shown, highlighting the strongly elevated Th 
of the high heat-producing granites in the Yilgarn Craton. Note 
the lower Th with lower FeO in the high heat-producing granites, 
indicating that crystal fractionation is not a significant process in 
these granites (compare with Figure 10.12b).

The Carboniferous period

The only voluminous high heat-producing granites 

emplaced in Australia in the last 500 Myr are the 

345–300 Ma Carboniferous granites (Figures 10.8b 

and 10.10). These granites occur in a belt that runs 

inland of the east Australian coast, from around 

Bathurst (NSW) to far northern Queensland. They 

also continue sporadically westward and include 

the granites beneath the Cooper Basin, which form 

part of some of Australia’s most promising current 

geothermal exploration regions (Figure 10.4). 

Unlike the Archean high heat-producing granites, 

the elevated U and Th in the Carboniferous 

granites are largely a function of extensive crystal 

fractionation processes. In simplest terms, the 

observed elevated concentrations have largely 

occurred after partial melting, driven by separation 

and removal of U–Th-poor minerals, such as quartz 

and feldspar, from an increasingly U–Th-enriched 

magma (Figure 10.7). 

These crystal fractionation processes are best 

illustrated by the widespread Carboniferous granites 

within the Georgetown–Mt Garnet–Herberton 

area of north Queensland (Figure 10.12). Here, 

granites show a range of heat-producing element 

concentrations, from slightly higher than upper 

crustal averages to strongly enriched (ca 10 

times upper continental crust). These large 

heat-producing element variations are consistent 

with crystal fractionation, as suggested by positive 

correlations between Th contents and various 

indices of differentiation, such as decreasing iron 

(FeO); compare Figure 10.12 with Figure 10.11. 

Given the high levels of the heat-producing 

elements in these granites, it is not surprising 



507Deep heat —Australia’s energy future?

that there is a spatial association with both U 

mineralisation, hot springs and naturally occurring 

blue topaz—the latter is an excellent indicator of 

high-percentage crystal fractionation and elevated 

U and Th, with the colour being due to natural 

radiation damage. 

As for partial melting, the end results of 

high-percentage crystal fractionation, such as 

the Carboniferous high heat-producing granites, 

are volumetrically minor relative to the starting 

volume. Nevertheless, locally, large areas of such 

granites can be produced; there is somewhere 

between  around 2500 km2 and 3500 km2 for those 

outcropping in north Queensland (Figure 10.12). 

Despite the suggested different processes 

responsible, Figures 10.11 and 10.12 show similar 

patterns of enrichment in heat-producing elements. 

Although this means that discriminating between 

the two processes can be difficult, this is of only 

minor concern as both processes—partial melting 

of enriched source rocks and high-percentage 

crystal fractionation—rarely operate independently 

of each other. This is largely because the great 

majority of high heat-producing granites have 

a dominant crustal component—that is, their 

source rocks have had enough prehistory to be 

already variably enriched in U, Th and K, certainly 

above average mantle values.

Proterozoic enrichment 

The most enriched time period in Australia 

for the formation of heat-producing elements 

is the Proterozoic, especially the approximately 

400 Ma time period from the Late Paleoproterozoic 

culminating in the Mesoproterozoic (Figures 10.10 

and 10.13). The latter was not only when the most 

granites enriched in heat-producing elements were 

formed across the largest area, but also the time 

when major U mineralisation, such as the giant 

Olympic Dam deposit, occurred (Chapter 8). 

While some of these heat-producing element 

enrichments in these Proterozoic granites may 

reflect other processes (Box 10.3), they largely 

reflect either episodes of magmatic reworking and/

or extensive crystal fractionation. This alone does 

not explain the trend of increasing heat-producing 

elements from the Archean to a peak in the 

Mesoproterozoic. Nor does it explain the episodic 

nature of Proterozoic high heat-producing 

magmatism, which is in distinct contrast to the 

Archean and Carboniferous. Additional factors 

must be involved. This is also apparent from 

consideration of the general processes discussed 

for the Archean and the Carboniferous granites. 

If it is assumed that high heat-producing granites, 

such as those in north Queensland, simply result 

from partial melting of a crustal source, coupled 

with extensive high-level fractionation, then why 

is there such concentrated high heat-producing 

magmatism in certain regions? For example, 

within north Queensland, the high heat-producing 

granites represent about 30–40% or some 

3000 km2 of magmatism. Why aren’t there more 

of these regions in the Paleozoic of Australia? The 

Devonian period, for example, includes the major 

Paleozoic magmatic event in eastern Australia, 

extending from Tasmania to far north Queensland 

(Figure 10.8a). Why are there few significant areas 

of Devonian high heat-producing granites?

10.2: Mapping the movement of the 
radioactive elements K, Th and U

The recently calibrated airborne gamma-ray 
spectrometric data, covering >90% of the 
Australian continent (Figure 2.5) provides unbiased 
information on the concentration of the radioactive 
elements (K, Th and U) within the top 50 cm of 
Australia’s surface. When combined with geological 
information, such as from the Surface Geology Map 
of Australia (Figure 2.7), these data can be used to 
quantify the effects of Australia’s well-developed 
regolith on the location of these radioactive 
elements. This is because K and U are relatively 
mobile in surficial landscape and regolith processes 
(Chapter 5), processes reflected in the near-surface 
materials measured by the gamma-ray data. 

Calculations based on this methodology suggest that  
there may be more than 10 Mt of U missing from the 
top metre of Australia alone (assuming a Th:U ratio 
of 4). This is more than five times as much U as in 
the supergiant Olympic Dam deposit (Chapter 8)! 
Some of this U ends up within young surficial U 
deposits such as Yeelirrie in Western Australia.

3D image of the gamma-ray data draped over the digital 
elevation model. Colours: K (red), Th (green) and U (blue).
Note mobile K on hill slopes and U in the valley floor.

you 
Did 

know?

Image by John Wilford
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Similarly, the simple but very efficient basalt–

TTG–HHP granite cycle, which dominates the 

Archean in Australia, appears to cease effectively 

some time in the 500 Myr period between the last 

abundant Archean rocks and the first abundant 

Proterozoic rocks in Australia (Figure 10.13a). 

Certainly, it is never again the dominant process 

in Australia—sodic granites, such as tonalite–

trondhjemite–granodiorite, are only a very minor 

component of the (outcropping) Proterozoic 

magmatism (Figure 10.14a). Why is this? What 

has changed? The dominant early Proterozoic 

granites in Australia are in fact not sodic, but 

overwhelmingly potassic (high K) (Figure 10.14b), 

with moderate to high levels of the heat-producing 

elements. This chemical change is reflected in 

heat-flow and other temperature data, which show 

that Archean cratons in Australia, and elsewhere 

(Figures 10.4 and 10.5), are characterised by low 

heat-flows, in distinct contrast to much of the 

Australian Proterozoic. This supports the idea that 

perhaps a fundamental Earth-system process might 

have changed in the period between the Archean 

and the Paleoproterozoic. 

Additional questions are raised when considering 

geodynamic controls, which are ultimately 

responsible for producing high heat-producing 

magmatism. Most continental crustal growth and 

(mafic to) felsic magmatism today occurs within 

subduction zone environments. Geochemical data 

for both intrusive and extrusive rocks from modern 

subduction zone environments show that they 

appear unable to produce significant amounts of 

high heat-producing magmatism (Figure 10.10). 

They can and do, however, produce precursors for 

this process. Does this mean that other geodynamic 

environments were more dominant at times 

during the past—perhaps reflecting either secular 

changes through time, or the role of tectonic cycles 

such as supercontinent formation and breakup 

(Chapter 2)? Another possibility is that there have 

been secular changes in U, Th and K availability, 

such that geodynamic processes have not changed, 

but merely their chemical signatures. Although a 

conclusive answer to these questions may not be 

known, it is possible to place some constraints 

on likely geodynamic models by investigating 

Australia’s Proterozoic granites.

Australian Proterozoic granites—
geodynamic models

Although there is a wide variety of Proterozoic 

granite types in Australia (Figure 10.14a), the 

majority share a number of important features. 

Naturally radiated blue topaz 
from the ‘Blue Hills’ area, 
Mt Surprise, Queensland.

Image by Adrian Yee
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They are overwhelmingly felsic and potassic 

in composition, consistent with being derived 

from partial melting of predominantly crustal 

sources. Again, partial melting of source rocks 

with elevated heat-producing elements, as well as 

crystal fractionation, probably caused the elevated 

heat-producing element contents in the Proterozoic 

granites (Figures 10.13 and 10.14). The chemistry 

suggests that most Australian Proterozoic granites 

were not generated within continental or island 

arcs (Figure 10.10). An arc environment is not 

ruled out, however, as a backarc could have been 

responsible for some enriched Proterozoic granites.  

The situation is complicated by the uncertainty 

about when modern-style tectonic processes 

actually commenced. Estimates for the latter range 

from early Archean through to late Neoproterozoic, 

although many agree that something similar to 

modern-style tectonics were operative by the Late 

Archean. Certainly, there is evidence of features not 

unlike modern arcs in the Australian Proterozoic, 

making this a plausible scenario, and most 

geodynamic models for the Australia Proterozoic 

invoke arc and backarc processes.

The other often-suggested origin for many 

Proterozoic granites in Australia, especially those 

of Mesoproterozoic age, is that they are anorogenic 

in nature —that is, they were generated within an 

intraplate environment, well away from any arc 

influence. Certainly, the heat-producing element–

enriched nature of many Mesoproterozoic granites 

is consistent with such an interpretation—that 

is, repeated crustal melting driven by crustal 

extension and high thermal gradients, often with 

associated mantle-derived magmatism. There is 

Figure 10.12: Evolution of high heat-producing (HHP) granites 
in the Carboniferous of north Queensland. (a) Distribution of 
Carboniferous high heat-producing granites (ca 345–310 Ma; 
in red), and very Late Carboniferous–Early Permian granites 
(ca 305–295 Ma; in pink) in north Queensland. (b) Plots of total 
Fe (wt% FeO) vs Th (ppm) for Carboniferous high heat-producing 
granites (red). (c) Very Late Carboniferous–Early Permian granites 
(pink). Although granites of both ages have undergone crystal 
fractionation, it occurred to a higher degree in the Carboniferous 
granites, resulting in their much higher Th contents. Note the 
strong increase in Th with decreasing FeO—a good indicator of 
crystal fractionation. Notably, granites of both ages plot above 
the average Th content of upper continental crustal (UCC), 
indicating that partial melting of an enriched source also played 
a role in generating these high heat-producing granites.
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also other evidence for this. For example, mafic 

large igneous provinces—regions of voluminous 

and widespread mantle-derived magmatism 

commonly interpreted as intraplate and related 

to mantle plumes—do occur. An example is the 

ca 1780 Ma Paleoproterozoic Hart Large Igneous 

Province, in the Kimberley region of Western 

Australian (Chapter 2), which is contemporaneous 

with potassic granites. Certainly, multiple plume 

events could explain the episodic nature of high 

heat-producing magmatism in the Australian 

Proterozoic. The presence of large igneous 

provinces and related rocks, however, does 

not negate the operation of subduction zones, 

continental arcs and backarcs. The Hart Large 

Igneous Province, for example, has been suggested 

to be contemporaneous with subduction.

There is no reason, of course, why both interpreted 

geodynamic models are not at least partly correct 

—that is, both modern-style tectonic processes 

and large igneous provinces were operative. This 

is indeed what is proposed by models of the 

supercontinent cycles, from their formation, driven 

by subduction and collision, to their fragmentation, 

driven by repeated rifting and a common association 

with large igneous provinces and mantle plumes 

(Chapter 2; Figure 10.13). Interestingly, the 

greatest period of Proterozoic high heat-producing 

magmatism in Australia (1.9–1.5 Ga) overlaps with 

the period of formation of the Nuna Supercontinent, 

and its subsequent breakup (Figures 2.8 and 10.13). 

This immediately raises an obvious question: 

Could the processes that produced Australia’s 

Proterozoic high heat-producing magmatism and 

much of the country’s heat-producing element and 

thermal energy endowment be directly related to 

supercontinents?

Elachbutting Rock, a massive Archean (ca 2640 Ma) 
granite outcrop, northeast of Mukinbudin, 
Western Australia.

Image by Richard McDowell
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Supercontinent breakup—the answer?

Several lines of evidence offer support for the 

supercontinent argument. Firstly, there appears to 

be a global occurrence of anorogenic (within-plate) 

magmatism in the Mesoproterozoic, which 

appears to have peaked around 1400 Ma, although 

orogenic events were also occurring at this time. 

Secondly, this global anorogenic magmatism is 

dominantly confined to regions of Paleoproterozoic 

crust. This picture has many similarities to what 

is observed in Australia, where Mesoproterozoic 

granites are characterised by elevated U, Th and 

K and appear to be largely ‘anorogenic’. They also 

seem to be strongly localised to predominantly 

Paleoproterozoic crust, although there is isotopic 

and geochronological evidence that Archean 

crust is also involved, at least in some Australian 

cratons. Studies of Mesoproterozoic magmatism 

in Australia, and elsewhere, have concluded that 

the felsic magmatic compositions relate to the 

composition of their lower crustal protolith.

Supercontinent evolution can explain, at least 

partly, why the Australian Mesoproterozoic 

granites are so enriched in the heat-producing 

elements. The periods of extension and episodic 

rifting related to supercontinent breakup in the 

Late Paleoproterozoic and Early Mesoproterozoic 

(Figure 10.13) would have been ideal for the two 

processes—crustal reworking and fractionation—

that lead to high heat-producing magmatism. 

There is some evidence that such an environment 

may also have been conducive to emplacement of 

enriched mantle melts, also contributing to the 

heat-producing element enrichment.

Figure 10.13: Possible supercontinent cycle in the Australian Proterozoic and its relationship to high heat production. (a) Age histogram 
for Australian magmatism for the period 3000–1000 Ma, as determined by U– Pb SHRIMP zircon ages. (Figure supplied by K Sircombe, 
Geoscience Australia, pers. comm., 2011). Average Th contents (Figure 10.10) are superimposed in black. (b) and (c) One possible tectonic 
reconstruction for Australia during this time (see Chapter 2). The main period of Proterozoic magmatism corresponds to the timing of 
Nuna Supercontinent formation and subsequent breakup. (d) One possible model for the breakup of supercontinents is via formation 
of superplumes (Santosh et al., 2009), which may be generated by the build-up of heat in the mantle due to thermal insulation beneath 
the assembling supercontinent. The build-up of heat causes extension and rifting within the supercontinent, and eventual breakup. 
NAE = North Australian Element; SAE = South Australian Element; WAE = West Australian Element
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This is only part of the story. There is an 

apparent increasing trend in heat-producing 

element contents from the Neoarchean to the 

Mesoproterozoic (Figure 10.10), indicating a 

level of heat-producing element enrichment 

not seen in modern arc environments and 

demanding some explanation. One possible 

solution lies in the Archean geology of Australia 

and the tonalite–trondhjemite–granodiorite–

high heat-producing (TTG–HHP) sequence 

observable in those regions (Figure 10.11). 

Perhaps many of the Proterozoic crustal blocks 

in Australia were themselves originally comprised  

a significant amount of tonalite–trondhjemite–

granodiorite (and high heat-producing granites 

derived from them), resulting in a variably but 

Tasman Island from Cape 
Pillar in Tasman National 
Park, Tasmania. The dolerites 
that make up this region are 
mafic rocks related to the 
break-up of the supercontinent 
Gondwana.

© G Dixon, Lonely Planet Images

relatively enriched crust. This and the subsequent 

melting of an increasingly hybrid crust in the 

Proterozoic could readily explain the increasing 

heat-producing element trend observed from the 

Archean to the Mesoproterozoic in Australia. 

Our suggested model (Figure 10.13) to explain 

why the Australian Mesoproterozoic granites 

are so enriched in the heat-producing elements 

(Figure 10.5), and also the apparent increasing 

trend in heat-producing element contents from the 

Neoarchean to the Mesoproterozoic is, therefore, 

via the following two-stage process. The first 

stage is formation of Australian Paleoproterozoic 

crustal blocks and subsequent assembly into part 

of the Nuna Supercontinent (Figure 10.13b). 

The Paleoproterozoic crust has a significant 

tonalite–trondhjemite–granodiorite component, 

representing either modified pre-existing Archean 

crust and/or new Paleoproterozoic crust formed by 

tonalite–trondhjemite–granodiorite magmatism. 

The elevated U and Th contents in the 

Paleoproterozoic granites are largely a function of 

reworking (partial melting) of this enriched crust. 

The second stage involves periods of extension and 

episodic rifting related to Nuna Supercontinent 

breakup in the Late Paleoproterozoic and Early 

Mesoproterozoic (Figure 10.13b). This tectonic 

environment would have facilitated crustal 

reworking and fractionation. This, coupled, with 

an already enriched crust, resulted in the abundant 

episodic high heat-producing magmatism in 

this period. 

Is there any evidence for tonalite–trondhjemite–

granodiorite heritage in Australia? Although 

some Proterozoic blocks do contain remnants of 
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Archean or Paleoproterozoic tonalite–trondhjemite–

granodiorite crust, these are at best fragmentary. 

Direct outcrop evidence is rare. The proposed 

tonalite–trondhjemite–granodiorite crust would be 

either of Archean or perhaps an early Proterozoic 

age, and there is significant indirect evidence for 

late Archean to very early Proterozoic rocks in many 

Proterozoic blocks in Australia. Such evidence 

includes the presence of inherited older zircons, 

which can be directly dated (Box 2.4), and isotopic 

signatures of the Proterozoic granites, which both 

suggest that older crust is much more extensive than 

indicated by surface geology. Also, from studies 

of global Paleoproterozoic magmatism, tonalite–

trondhjemite–granodiorite commonly occurred up 

to about 1900 Ma, although there is little evidence 

to support or refute this in Australia. 

The unusual nature of Proterozoic granites 

in Australia has generated numerous earlier 

hypotheses regarding their origin, leading to 

significant controversy over the geodynamic 

environments they were formed in. Even 

the question of whether the process of plate 

tectonics, as it currently operates, was identical 

in the Paleoproterozoic and the Mesoproterozoic 

(let alone the Archean) has been discussed. Here, 

a middle road is proposed, where the original 

crustal enrichment (in high heat-producing 

elements)—reflecting the dominance of tonalite–

trondhjemite–granodiorite suite granites in the 

Archean and early Proterozoic—is a relict of 

processes that might only have operated in these 

early Earth times. The subsequent supercontinent 

formation and breakup, with tectonic processes 

more akin to those operating today, would have 

Figure 10.14: (a) Breakdown of Proterozoic granite types in 
Australia (based on the work of Budd et al., 2001). (b) K2O 
versus Na2O plot for Australian Proterozoic granites. Fields for 
Australian tonalite-trondhjemite-granodiorite (TTG) (red field) 
and Archean high heat-producing granites (green field) are 
superimposed. Both figures show that the majority (>54%) of 
Australian Proterozoic granites are potassic (high K), often with 
elevated U and Th. Sodic rocks (high Na), such as tonalites and 
trondhjemites—similar to the ubiquitous tonalite–trondhjemite–
granodiorite found in Archean-aged terranes worldwide—are 
uncommon in the Australian Proterozoic (<5%). 

provided the ideal environment to exploit any 

pre-existing crustal endowment and produced 

the widespread high heat-producing magmatism 

observed in the rocks today. 

Interestingly, this model also potentially answers 

some of the questions raised earlier. The efficient 

tonalite–trondhjemite–granodiorite and high 

heat-producing granite cycle ended (mainly) some 

time in the latest Archean or early Proterozoic, 

but not before it had ‘conditioned’ the Australian 

crust. The switch from Archean-style geodynamics 

to something more akin to modern-day tectonics 

and the Nuna Supercontinent cycle allowed 

this preconditioned (variably heat-producing 

element-enriched) crust to be repeatedly exploited—

that is, melted to produce high heat-producing 

granites. The lack of preconditioning is perhaps 

why many younger regions do not have evidence 
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for high heat-producing magmatism—for example, 

within the voluminous Devonian magmatism of 

eastern Australia (Figure 10.8). It may well be that 

subsequent magmatic reworking (partial melting) of 

this now-conditioned Devonian crust will produce 

high heat-producing magmatism in the future. 

Certainly, this is what is seen in the Carboniferous 

of eastern Australia, although the largest occurrence 

of high heat-producing granites of that age is in 

north Queensland, within crust of Paleoproterozoic 

to Mesoproterozoic age. This does tend to confirm 

the earlier suggestion that both the prior history of 

continental crust and contemporaneous processes 

play an important role in generating high heat-

producing granites.

Regardless of the process that ultimately 

produced the voluminous high heat-producing 

magmatism, clearly Australia’s heat-producing 

element endowment owes a lot to its old 

geological heritage. 

Radioactivity—a potential 
energy and heat source 
for Australia
The radioactive decay of elements such as U, Th 

and K releases large amounts of energy, related to 

the conversion of very small amounts of mass to 

energy via Einstein’s famous equation (E = mc2). 

This energy can be harnessed and used in a variety 

of ways, such as nuclear and geothermal energy. 

Although both largely utilise the nuclear–thermal 

energy pathway, the approaches and methodologies 

are very different. Nuclear energy relies on directly 

capturing the energy of nuclear fission by the use 

of fissile radioactive material as fuel in nuclear 

The Open Pool Australian 
Lightwater (OPAL) research 
reactor at Lucas Heights, Sydney, 
New South Wales.

power stations to generate power. Geothermal 

energy, on the other hand, uses Earth’s natural heat, 

largely generated by radioactive decay, to produce 

energy. Australia’s antiquity and long geological 

history mean that the continent is endowed in the 

heat-producing elements and also has regions with 

high heat flows. This old geology, therefore, has 

equipped the nation with alternative energy sources 

that may have a significant role to play in a non-

fossil fuelled future, and not just in Australia.

Nuclear energy—proven 
energy producer

Nuclear energy has been used as an energy source in 

some countries for six decades. It is the major source 

of electricity in some countries, such as France and 

Japan, and worldwide contributes around 13–16% 

of total electricity generation. Although there are 

both upsides and some significant downsides to 

its use, it is a reliable, relatively cheap, proven, 

large-scale energy source that can be used for base-

load energy requirements (in many ways comparable 

with fossil fuels). Australia does not currently use 

nuclear energy, and its current and future value is 

through exporting U to selected countries that do 

use it. This not only provides the obvious benefits, 

such as maintaining Australia’s mining industry, 

developing the country and providing export 

earnings, but maintains mutual relationships with 

other countries—all of which greatly benefit from 

access to reliable energy resources.

Fundamentals

Nuclear power plants rely on the thermal (heat) 

energy that is generated by nuclear fission (i.e. by 

splitting atomic nuclei with neutrons). The fission 

Image courtesy of ANSTO
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process results in formation of smaller atomic 

nuclei, various atomic particles and significant 

amounts of energy. The energy release associated 

with fission is very large—around a million 

times more than that released during chemical 

reactions (Figure 10.15). A kilogram of U, for 

example, generates as much energy as burning 

about 10 tonnes of oil. Such energy density is one 

of the great attractions of nuclear energy. Current 

commercial thermal nuclear reactors use U as 

the fissile fuel. Electricity generation in nuclear 

reactors has many similarities to more conventional 

electricity generation, in that the generated thermal 

energy is converted to mechanical energy that is 

used to drive turbo-generators (mostly by steam 

or superheated water), either directly or by use of 

heat exchangers. Although there are a variety of 

nuclear reactor designs, the majority in use today 

(called light water reactors) employ ordinary water 

to drive the turbines, including pressurised and 

boiling water.

Current usage, resources and potential

Currently, there are more than 400 U-fuelled 

nuclear reactors in the world. A large number of 

these are located in countries to which Australian 

exports U, including France, Germany, Japan, the 

United Kingdom and the United States. Current 

reactors require about 68 000 t of U (mine and 

secondary sources) per year. With the current 

recoverable U resource (Figure 10.2), this equates 

to about 80 years of supply—of which Australia 

contributes about 25–30 years worth. Uranium 

forms a significant part of Australia’s total energy 

production (ca 27% in 2009), with annual export 

earnings bringing in more than $1 B. Based on 

2009 reserve figures (>1223 kt) and prices of 

about US$40 per pound of U
3
O

8
, Australia has 

about US$120 B worth of current in-ground 

value, which is equivalent to more than 20 years of 

Australian wheat exports. The current U reserves 

contain the equivalent of more than 110 years 

of total energy use in Australia (based on current 

usage). Of course, Australia does not currently use 

nuclear energy, but these figures illustrate how 

Australia contributes to powering other countries.

These figures become more significant when the 

indicated potential of new-generation reactors—by 

better use of available U, and use of Th as nuclear 

fuel—is considered. New reactor designs, such as 

fast neutron reactors, with their forecast ability to 

use the much more abundant 238U isotope, will not 

only extend nuclear fuel supply but will also greatly 

increase the amount of energy able to be extracted. 

This will in turn greatly increase the net energy 

worth of Australia’s U resources, such that Australia’s 

current U resource could contain more than 

5000 years worth of energy (Table 10.1). Finally, 

Australia’s significant Th resources (Figure 10.2) 

and their energy potential—some 2000 years 

worth (Table 10.1)—will also add significantly to 

Australia’s energy inventory if, and when, Th-based 

fuels become commercially viable. Thorium has a 

tantalising potential, having a number of natural 

advantages over U, not the least its being four times 

more abundant in Earth’s crust. It also has a number 

of disadvantages, however, which have hampered 

its commercial development thus far (Box 10.4). 

The tremendous potential of 238U and Th needs to 

be tempered by the observation that fast neutron 

and other advanced reactors have yet to be used for 

commercial electricity generation.

10.3: Radioactive chic

Radioactive elements were all the rage in the early 
20th century; they were also very valuable. The 
Adelaide Register’s correspondent Seb. George 
wrote excitedly on 21 April 1913 about radium 
and its benefits to South Australia:

An ounce of radium would find all the 
motive power necessary to propel a battle 
ship until it became obsolete, and could then 
be utilised to drive one of a newer type, and 
so on for at least 2000 years. A ton of radium 
would be sufficient, scientists tell us to drive 
all the power plants of the world … South 
Australians should make the most of their 
opportunities while they have the chance. 
Europe is now waking to the fact that the 
largest producing fields of radioactive ores 
are here, and if we are unable to realise and 
take advantage of the great gift Nature has 
bestowed upon us, before long a foreign 
element will appear and deprive us of our 
birth right.

It was a further 62 years before the immense 
U resource at Olympic Dam was discovered 
(Chapter 8). 

Autunite, calcium uranyl phosphate.

© Getty Images [J Arem]
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Figure 10.15: Energy densities of selected modern and historic 
fuels, expressed as the tonnes of cow dung required to be burnt 
to produce the equivalent energy from one tonne of each fuel 
type. Note the very large energy densities of nuclear fission and 
fusion fuels.

applications (Box 10.5). Current figures show 

that, although forming a significant percentage 

of electricity generation in a number of countries 

(e.g. New Zealand, Iceland, the Philippines), on a 

worldwide basis it forms a low percentage (<1%) 

of energy used for electricity generation. This 

is, in part, a reflection of the nature of modern 

conventional geothermal power plants, which 

currently exploit only geographically restricted 

volcanic geothermal resources. Geothermal energy 

potential (and exploration) in Australia is based 

on non-volcanic geothermal resources, and is in 

its infancy. If, and when, successful, this energy 

source has an almost unlimited potential that not 

only could supply Australia for thousands of years, 

but comes with the added benefits of being both 

renewable and environmentally friendly, with very 

low emissions. 

Uranium and Th, however, are not renewable 

energy sources, and, like oil, their discovery and 

production rates will eventually peak. When 

this will occur in Australia is not easy to predict. 

Australia’s economic demonstrated resources of 

U have been strongly increasing over the past 

30 years (Figure 10.16)—a trend that will generally 

continue, given that the current outlook for future 

discoveries is optimistic, with numerous prospects 

currently being evaluated, and given the large areas 

of U-enriched Australian crust.

Geothermal energy—‘green’ 
deep heat

Like nuclear energy, geothermal energy has been 

used as an energy source for decades, both for 

electricity generation and also by direct use of the 

heat in a range of low- to medium-temperature 

domestic, industrial and commercial heating 

Table 10.1: Deep heat and Australia’s nuclear energy potential

Contained energy in petajoules (calculated years of supply)

Australian resources 
(1000 tonnes)

Natural uranium 
(0.56 PJ/t)

Natural uranium 
235U in LWR (0.5 PJ/t)

Natural uranium 
in FNR (ca 28 PJ/t)

Natural thorium in 
thermal reactor (ca 22 PJ/t)

U  1163  651 280 
 (113)

 581 500 
 (101)

 32 564 000 
 (5642)

Th  489  10 953 600 
 (1898)

U top 
metre

 29 900  16 744 000 
 (2901)

 14 950 000 
 (2590)

 837 200 000  
 (145 045)

Th top 
metre

 172 000  3 852 800 000 
 (667 498)

Calculations of the contained and recoverable energy contents, based on current known U and Th resources and various nuclear 
reactor types (current and in development). Australia’s U and Th inventory, in the top 1 m of the crust, calculated from gamma-ray data, 
and the potential energy content are shown for comparative purposes only—this will, of course, never be mined.  
FNR = fast neutron reactor; LWR = light water reactor; PJ/t = petajoules per tonne
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Figure 10.16: Australian U resources expressed as energy content 
in petajoules (PJ). Note the increasing demonstrated reserves of 
Australian U. Each of the step-like increases, at 1983, 1993 and 
2007, relates to increased exploration at the supergiant Olympic 
Dam deposit. (Source: Geoscience Australia and Australian 
Bureau of Agricultural and Resource Economics, 2010)

Fundamentals

Geothermal energy relies on the natural thermal 

(heat) energy within Earth. To use this thermal 

energy for electricity generation, geothermal power 

plants employ similar processes to more conventional 

electricity generation—that is, the captured heat 

energy, in the form of steam or superheated water, 

is used to drive turbo-generators, either directly 

or in binary systems by use of heat exchangers. 

Current technological and economic considerations 

effectively restrict electricity generation to water 

temperatures of more than 100°C. 

Geothermal energy—the Australian way

There are a number of approaches to harnessing 

geothermal energy for electricity generation. 

These approaches depend on the nature of the 

geothermal resource, as well as its accessibility and 

other economic factors. In simplest terms, to use 

this energy economically and efficiently, elevated 

heat levels at shallow crustal levels (6 km or less) 

are required. In most geological regimes, purely 

conductive crustal heat flow (i.e. by conduction 

only) is not sufficient to generate thermal 

anomalies conducive to economically recoverable 

electricity generation. Accordingly, high-grade 

thermal resources need to be targeted.

Most modern exploration is aimed at either 

hydrothermal (hot water) or ‘hot rock’ resources. 

Hydrothermal resources comprise naturally 

occurring hot water or steam present in fractured 

or permeable rock. Such resources are found 

at a variety of crustal levels, from very shallow 

(hundreds of metres) to relatively deep (to 4 km or 

more). These resources can be further subdivided 

by the nature of the heat source for the water, 

either ‘volcanic’ or ‘non-volcanic’ (Figure 10.17). 

In a volcanic hydrothermal resource, the heat 

is generated by thermal advective–convective 

processes related to high-level magmatism. They 

produce elevated near-surface thermal anomalies 

and moderate- to high-temperature waters by the 

movement of hot fluids—namely magmas and waters 

heated by those magmas. Volcanic hydrothermal 

resources are almost exclusively confined to regions 

of active tectonics, usually on plate margins, and 

nearly all modern geothermal plants are in such 

active tectonic regions (e.g. New Zealand, Japan, 

the United States and Iceland). Nearly all current 

economic geothermal energy is derived from 

volcanic hydrothermal resources.

Australia’s current intraplate position means that 

active tectonic regions are largely absent (Figure 2.1). 

There are, however, examples of geologically young, 

but largely inactive, volcanism in eastern Australia, 

such as Mt Gambier in South Australia and western 

Victoria (Chapter 2). In Australia, this means that 

geothermal power plants targeting hydrothermal 

systems will have to rely on non-volcanic resources—

‘hot sedimentary aquifer’ systems. In such systems, 

elevated water temperatures are related to elevated 

geothermal gradients, commonly due to the 

presence of high heat-producing granites and other 

rocks with high heat-producing element contents 

(Figures 10.17 and 10.18). Water temperatures 

in these non-volcanic hydrothermal systems are 

typically lower than those in volcanic systems (per 

given depth) and, therefore, will only be economic 

(for electricity generation) at significantly greater 

crustal depths (2–4 km).
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The other major type of geothermal target is the 

‘hot rock’ resource, which is typically within or 

close to high heat-producing granites (Figure 10.4). 

Importantly, although high heat-producing granites 

are the common heat source for such resources in 

Australia, it is the combination of such rocks with 

overlying insulating lithologies, such as sediments, 

that provides optimum conditions for the elevated 

temperatures needed for geothermal exploitation. 

Such insulating rocks, through their low thermal 

conductivity, slow down the rate of conductive 

heat loss, effectively trapping the heat below them 

(Figure 10.17). The thicker or more efficient the 

insulating layer, the greater the amount of thermal 

energy trapped (i.e. higher temperatures). For this 

reason, identified hot rock resources in Australia, 

and elsewhere in the world, are typically within 

geological regions characterised by voluminous 

high heat-producing granites (the best hot rocks) 

overlain by thick sedimentary basins. 

As hot rock resources rely on elevated geothermal 

gradients, they are typically at much deeper 

crustal levels (to 4–5 km in Australian geothermal 

prospects) than hydrothermal resources (especially 

volcanic types). Exploration and testing of 

geothermal resources at these depths is not only 

very expensive but also technically difficult. This is 

one reason why exploitation of hot rock resources 

in Australia remains at the proof-of-concept stage. 

The current economics of drilling deep holes, 

especially in remote Australia, dictate that only 

those regions with anomalous high-grade thermal 

energy are potentially viable. 

Figure 10.17: Non-volcanic geothermal systems in Australia. 
The Australian continent is not near a plate margin and does not 
have active tectonic or volcanic regions. Thus, geothermal power 
plants in Australia will have to rely on non-volcanic geothermal 
systems, targeting thermally anomalous regions—typically within 
or close to high heat-producing granites. Red arrows in granite 
symbolise high temperatures in the granite under insulating 
sediments. Red and blue arrows in drill holes show upward 
extraction of hot water and downwards flow path of cooled water 
(thermal energy extracted). (Source: Geoscience Australia & 
Australian Bureau of Agricultural and Resource Economics, 2010)

Current usage, resources and potential 

Worldwide production of electricity from 

geothermal energy between 2004 and 2007 was 

<1% of total world electricity generation. Even 

when renewable energies alone are considered, 

geothermal only contributes around 1.5–2%, 

which is significantly lower than hydroelectric 

(around 85–90%), but an order of magnitude 

higher than wind, solar and tidal combined 

(<0.2%). Electricity generation from geothermal 

energy in Australia is currently very low, limited to 

a small (80 kW net) power plant at Birdsville (Qld). 

The Australian and world figures, however, 

mask the very large potential of geothermal 

energy, particularly for non-volcanic geothermal 

resources (assuming that they eventually prove to 

be economic). The presence of considerable high 

heat-producing granites in Australia, especially 

those of Proterozoic age, coupled with the 

extensive cover of sedimentary basins (Figure 2.9) 

suggests that Australia is well suited for this type of 

geothermal energy. In an attempt to semi-quantify 

these resources, Geoscience Australia undertook 

a conservative resource analysis of the Australian 

continent. Using temperature-depth estimates 

based on drill-hole measurements, the analysis 

showed that those parts of the upper 5 km of 

Australia’s crust with temperatures of 150°C 

or more contained the equivalent of 3.3 Myr of 

Australia’s annual energy consumption. 

Of course, all this energy will never be extracted, 

and thus far none has been in Australia, but it does 

give an idea of the potential. If only 1% could be 

extracted, there would be more than 30 ka of energy 



THORIUM IN AUSTRALIA: A RADIOACTIVE MENACE  
OR FUTURE ENERGY SOURCE? (BOX 10.4)

Sand mining, sand dredge, New South Wales.

© Getty Images [R Smith]

Australia has abundant thorium (Th) resources. 
Although currently valueless, Th, like uranium (U), 
can be used as a nuclear fuel, and so may be of 
potential economic importance. Thorium has some 
natural advantages over U. It is not only about four 
times more abundant but is also all potentially 
usable in reactors—unlike U where only about 1% 
is used (mostly the 235U isotope). This makes Th a 
tantalising prospect for nuclear energy—one that 
many countries have investigated. 

Unfortunately, Th has a number of features that 
have hindered its use, not least the presence 
of strong gamma radiation–emitting daughter 
products, which make usage difficult and 
expensive. Current indications suggest that 
widespread use of Th in nuclear reactors will not 
occur in the short to medium term. 

The combination of lack of world demand, the 
highly radioactive nature of Th, and its future 
potential value poses a dilemma for Australia, 
particularly for our Th deposits. These occur within 
both heavy mineral sand and rare earth deposits 
(Figure 10.3). Legislated Australian state mining 
codes require companies to rehabilitate mines to 
environmental standards, including acceptable 
levels of radiation. The Th in such deposits must 
be diluted to safe, low concentrations before 
or during dispersal. Although this ensures that 
environmental standards are met, it comes with 
the cost that it effectively destroys any future 
potential for Th within the deposit. In effect, our 
current safe dispersal of the Th may be burying 
a future strategic energy resource (Table 10.1) as 
well as export earnings. 
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supply—even a conservative one-thousandth 

gives about 3000 years (Table 10.2). This does 

not include the direct-use technologies where 

temperatures of less than 150°C can be utilised 

(Box 10.5), nor does it consider the renewable 

nature of the resource. When this is considered in 

conjunction with other advantages of geothermal 

energy, such as zero emissions, 24-hour base-load 

availability, high reliability, no storage requirement, 

ability to combine it with other renewable 

energies (such as solar), and load-following 

ability, the truly great potential of this energy 

for powering Australia’s future is realised. This is 

best illustrated when inferred geothermal energy 

data for current Australian geothermal prospects 

are taken into consideration (Table 10.2). One of 

the most advanced hot rock projects in the world 

is in the Cooper Basin region in South Australia 

(Figure 10.4) where Geodynamics Ltd has drilled 

into a Carboniferous high heat-producing granite 

at depths between 3.8 km and 4.8 km. The 

company plans to deliver power from a 25 MW 

Table 10.2: Geothermal energy: a truly massive ‘green’ energy source

Geothermal region or project Contained energy in exajoulesa  (calculated years of supply)

 Total energy  Usable energy

Geothermal in Australia  19 000 000  
 (ca 3 290 000)

 19 000  
 (3300)

Australian projects (all)  3025 (ca 520)  18.2–90.8 (15-3)

Hot rock projects  2404  14.4–72.1

Hot sedimentary aquifer projects  621  3.7–18.6

Estimates of the total and recoverable energy contents of geothermal resources within Australia (Budd et al., 2008) and current geothermal 
projects (company data). Total years of energy supply for Australia are also shown (in parentheses). Usable energy calculated for 
geothermal projects assumes 5% or 25% recovery and 12% efficiency. Similar figures are given for the total Australian resource estimate 
but assuming only 1% extractable. The renewable nature of the energy is not factored into the calculations. 
a one exajoule (EJ) = 1000 petajoules (PJ)

plant by late 2013, and much larger production 

by 2018.

The only working geothermal plant in Australia 

is in Birdsville, Queensland, where a small 

low-temperature plant supplies 80 kW of power, 

or about 25% of that town’s electricity needs. The 

plant utilises 98°C water extracted at around 1.3 km 

depth from the Great Artesian Basin. Other towns 

within the basin also utilise this hot water resource. 

Quilpie has no requirement for hot water systems, 

extracting its hot water (55°C) directly from the 

basin. The water is cooled for the cold water supply.

Is the past the key to 
Australia’s energy future?
Energy drives the modern world and underpins our 

current way of life. The industrial age was fuelled 

by access to reliable high-grade energy sources, coal 

and oil, which drove global economic expansion 

and modernisation. There is a strong correlation 

10.4: Nuclear energy

Australia’s abundant energy resources, especially 
coal and the cheap electricity generated from it 
(Chapter 9), have meant that there has been little 
economic or energy security impetus for nuclear 
energy in this country. Fossil fuels, however, 
are non-renewable, and Australians will have to 
seriously consider alternative energy sources—
possibly sooner rather than later, given greenhouse 
gas and climate change concerns. 

Nuclear energy is one such alternative energy 
source, certainly one capable of meeting a nation’s 
electricity requirements and one that is, at least as 
far as greenhouse gas emissions are concerned, 
environmentally friendly. Nuclear energy, however, 
also has some well-documented negatives. Whether 
we are willing (or not) to venture down this path is 
a decision that the Australian people may well have 
to face in the years ahead, but at least the geological 
legacy of this continent has provided the people 
with a range of choices.

Looking down into the OPAL reactor, Lucas Heights, 
New South Wales.

Image courtesy of ANSTO
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Figure 10.18: Examples of direct-use applications for geothermal energy resources. The higher the temperature of the resource, the greater 
the number of possible uses. It is possible to structure a series of industries to use thermal resources in a series of cascading applications 
based on the available temperature following the previous application. (Source: modified from Lindal, 1973)

between energy consumption levels and GDP. 

Australia is a large consumer of energy, currently 

20th in the world. Australia is well endowed with 

traditional energy resources (e.g. coal, gas, U) 

and is now a large energy producer (9th in the 

world). Australia also benefits from energy exports 

(more than $70 B in 2011). Energy, therefore, 

strongly contributes to the nation’s wealth and 

living standards, but increasingly it is recognised 

that these are dependent on access to cheap energy. 

To secure Australia’s future prosperity, the nation 

must have energy security—that is, accessible, 

secure, affordable and reliable energy into the 

future. This future will need to be achieved 

against three competing concerns: increasing 

annual energy consumption, decreasing resources 

and increasing environmental concerns from 

fossil fuel use. The need for energy security and 

environmental safety will both drive the switch 

to more sustainable energy types, preferably from 

indigenous energy sources. Although the hot and 

arid Australian continent is ideally situated to use 

alternative energy sources, with solar a potential 

renewable source, some commentators suggest 

that such sources may not provide for Australian 

needs nor meet peak energy loads. 

Uranium, Th and K are anomalously concentrated 

within the continental crust—in particular, in the 

high heat-producing (HHP) felsic igneous rocks. 

Fortuitously, Australia is endowed with above-average 

concentrations of these radioactive elements. There 

is a strong spatial association of high heat-producing 

igneous rocks with both U mineralisation and 

major heat-flow anomalies. The distribution of 



Although people often think of geothermal 
energy for generating electricity, it can also be 
used directly for heating applications. Direct use 
is typically associated with lower temperature 
geothermal resources (temperatures <150°C; 
Figure 10.18). Direct use of geothermal energy 
normally requires accessing heated groundwater 
that is naturally circulating through sedimentary 
strata or fractured rock (a hydrothermal system). 
This type of geothermal resource is found wherever 
sufficient quantities of groundwater come into 
contact with heated rocks, which in Australia 
means areas with high heat-producing granites, or 
sediments overlying these rocks. More importantly, 

GEOTHERMAL ENERGY—DIRECT USE IN AUSTRALIA (BOX 10.5)

Figure B10.5: The Geoscience Australia building in Canberra, Australian Capital Territory. Air conditioning in the building is undertaken 
via a ground-source heat pump system, which effectively uses Earth as a heat sink to cool the building in summer or a heat source to warm 
the building in winter. The heat pump system utilises 352 boreholes, each drilled to 100 m depth—where the ground temperature is a fairly 
constant 17°C. The heated or cooled water is used by heat exchange units to heat or cool the building before being returned to the bore field. 

There are many other likely locations in Australia 
where warm groundwater is present and could 
be used for direct-use applications. Direct use of 
geothermal energy in Australia currently includes 
heating buildings, spa developments, artesian 
baths and swimming pools. 

There is still significant potential for additional 
domestic, industrial and commercial applications. 
These include uses in agriculture for greenhouse 
heating, crop drying and aquaculture, and in 
industrial processes such as concrete curing, milk 
pasteurisation, chemical extraction, refrigeration, 
drying organic materials, desalination, wool 
processing and pre-heating of water in coal-fired 
power stations. Cascading use, whereby the 
same water is used in successive processes at 
progressively lower temperatures, is also possible 
within a single geothermal operation, improving 
efficiency and economic feasibility.

At the lowest end of the temperature spectrum 
(Figure 10.18), ground-source heat pumps can 
be used almost anywhere in the world to provide 
heating and cooling for buildings. Although used 
extensively in Europe and the United States, 
there has been only limited take-up in Australia. 
The largest ground-source heat pump system in the 
Southern Hemisphere, however, is in Australia—
in Canberra (Figure B10.5).

the lower temperature requirements for direct 
use mean such resources are more widespread 
(in contrast with the higher temperatures required 
for electricity generation). Australia’s Great Artesian 
Basin, for example, has large, low-temperature 
hydrothermal systems, with aquifers containing 
groundwater that comes to the surface as warm as 
98°C (Chapter 7). Towns within the basin do make 
use of this resource; in the western Queensland 
town of Quilpie, for example, the use of hot bore 
water (>50°C extracted from ca 900 m depth) has 
meant that there is no need for hot water systems; 
instead, the townsfolk have cooling tanks to supply 
cold water. 
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high heat-producing magmatism in Australia is 

not uniform, with most in the central third of the 

continent. In the west and east, where most people 

live (Chapter 1), they are more localised. Time-wise, 

the first high heat-producing rocks appear in the 

mid-Archean and continue to the Mesozoic. Peaks 

in high heat-producing magmatism occur in the 

Neoarchean, Mesoproterozoic and Carboniferous, 

with the greatest concentrations from ca 1880 Ma 

to 1500 Ma. Well over half of Australia’s 

heat-producing element budget was carried into the 

upper crust by these and earlier (Archean) granites, 

meaning that the heat-producing element budget is 

a relic of our continent’s distant past. 

This anomalous enrichment puts Australia in 

a unique position for energy security. Not only does 

the nation have the ability to use Earth’s in-situ 

heat to generate power over wide areas, it also has 

significant resources of U and Th in conventional 

deposits. Combined, both resources have the 

ability to meet base- and peak-load electrical power 

requirements, and the potential to significantly 

underpin Australia’s energy requirements well into 

the future. Geothermal energy, in particular, has 

the potential to provide environmentally friendly 

energy for hundreds or thousands of years.

It is almost ironic that the key to Australia’s energy 

future is significantly a result of our continent’s 

ancient geological heritage. Only now are we 

realising this legacy and its full potential. 
Image courtesy of Geodynamics Limited

Venus shines on the steam flow at Habanero 3, 
Cooper Basin, South Australia.



524 SHAPING A NATION | A Geology of Australia

Bibliography and 
further reading
Energy and energy resources in Australia

Australian Government Department of the Environment, 
Water, Heritage and the Arts 2008. Energy use in the 
Australian residential sector 1986–2020, DEWHA, Canberra.

Australian Government Department of Resources, Energy 
and Tourism 2011. Energy in Australia 2011, DRET, 
Canberra. 

Budd AR, Holgate FL, Gerner E & Ayling BF 2008. 
Pre-competitive geoscience for geothermal exploration and 
development in Australia: Geoscience Australia’s Onshore 
Energy Security Program and the Geothermal Energy Project, 
Geoscience Australia Record 2008/18, Geoscience Australia, 
Canberra, 1–9.

Dopita M & Williamson R (eds) 2009. Australia’s renewable 
energy future, Australian Academy of Science, Canberra.

Geodynamics Limited. Stock market releases and website 
information. www.geodynamics.com.au/IRM/content/
home. html

Geoscience Australia 2012. Australia’s identified mineral 
resources 2011, Geoscience Australia, Canberra.

Geoscience Australia 2011. Energy Security Program 
achievements—towards future energy discovery, Geoscience 
Australia, Canberra.

Geoscience Australia & Australian Bureau of Agricultural 
and Resource Economics 2010. Australian energy resource 
assessment, Geoscience Australia & ABARE, Canberra.

Gurgenci H & Budd AR (eds) 2008. Proceedings 
of the Sir Mark Oliphant International Frontiers of 
Science and Technology Australian Geothermal Energy 
Conference, Geoscience Australia Record 2008/18, 
Geoscience Australia, Canberra.

Lambert I, Jaireth S, McKay A & Miezitis Y 2005. 
Why Australia has so much uranium. AusGeo News 80, 
Geoscience Australia, Canberra.

McKay AD, Carson L, Huleatt MB, Miezitis Y, Porritt KR, 
Sait R, Kay P, Whitaker A, Towner R & Sexton M 2010. 
Australia’s identified mineral resources 2010, Geoscience 
Australia, Canberra.

Processing plant, 
Ranger uranium mine, 
Northern Territory.

© Getty Images [G Tedder]

http://www.geodynamics.com.au/IRM/content/home.html
http://www.geodynamics.com.au/IRM/content/home.html


525Deep heat —Australia’s energy future?

Mernagh TP & Miezitis Y 2008. A review of the geochemical 
processes controlling the distribution of thorium in the Earth’s 
crust and Australia’s thorium resources, Geoscience Australia 
Record 2008/05, Geoscience Australia, Canberra.

Miezitis Y, Carson L, Lambert IB, Mckay AD & Jaireth S 
2012. Classification of Australia’s thorium resources and 
their deposit types. International Atomic Energy Agency 
(IAEA) Technical Meeting on World Thorium Resources, 
Thiruvananthapuram, India, 17–21 October 2011.

Heat flow

Gerner EJ & Holgate FL 2010. OZTemp—interpreted 
temperature at 5 km depth image, Geoscience Australia, 
Canberra. 

Jones TD, Kirkby AL, Gerner EJ & Weber RD 2011. 
Heat-flow determinations for the Australian continent: release 2, 
Geoscience Australia Record 2011/28, Geoscience Australia, 
Canberra.

Kirkby AL & Gerner EJ 2010. Heat-flow interpretations 
for the Australian continent: release 1, Geoscience Australia 
Record 2010/41, Geoscience Australia, Canberra.

Morgan P 1984. The thermal structure and thermal 
evolution of the continental lithosphere. Physics and 
Chemistry of the Earth 15, 107–193.

Pollack HN, Hurter SJ & Johnson JR 1993. Heat-flow 
from the Earth’s interior: analysis of the global data set. 
Reviews in Geophysics 31, 267–280.

Tyler J 2006. Hot-rock energy steaming up. TAG Newsletter 
140, 22–25.

Weber RD, Kirkby AL & Gerner EJ 2011. Heat-flow 
determinations for the Australian continent: release 3, 
Geoscience Australia Record 2011/30, Geoscience Australia, 
Canberra.

Geology

Budd AR, Wyborn LAI & Bastrakova IV 2001. 
The metallogenic potential of Australian Proterozoic granites, 
Geoscience Australia Record 2001/12, Geoscience Australia, 
Canberra. 

Champion DC & Smithies RH 2007. Three billion years 
of granite magmatism: Palaeo-Archaean to Permian granites 
of Australia, presentation given at the Sixth International 
Hutton Symposium, Stellenbosch, South Africa, July 2007. 
www.ga.gov.au/image_cache/GA11433.pdf

McLaren S 2008. Hot southern land. Australasian Science 
August 2008, 25–27.

McLaren S, Sandiford M, Hand M, Neumann N, Wyborn L 
& Bastrakova I 2003. The hot southern continent: heat-flow 
and heat production in Australian Proterozoic terranes. 
In: Geological Society of Australia Special Publication 22, 
151–161.

McLaren S, Sandiford M & Powell R 2005. Contrasting 
styles of Proterozoic crustal evolution: a hot-plate tectonic 
model for Australian terranes. Geological Society of America 
33, 673–676.

Minty BRS, Franklin R, Milligan PR, Richardson LM & 
Wilford J  2010. Radiometric map of Australia, 2nd edn, scale 
1:15 000 000, Geoscience Australia, Canberra. 

Neumann N, Sandiford M & Foden J 2000. Regional 
geochemistry and continental heat-flow: implications for 
the origin of the South Australian heat-flow anomaly. 
Earth and Planetary Science Letters 183, 107–120.

Palme H & Jones A 2003. Solar system abundances of the 
elements. Treatise on Geochemistry 1, 41–61.

Rudnick RL & Gao S 2003. Composition of the continental 
crust. Treatise on Geochemistry 3, 1–64.

Santosh M, Maruyama S & Yamamoto S 2009. The making 
and breaking of supercontinents: some speculations based on 
superplumes, superdownwelling and the role of tectosphere. 
Gondwana Research 15, 324–341. 

Windley BF 1993. Proterozoic anorogenic magmatism and 
its orogenic connections: Fermor Lecture 1991. Journal of the 
Geological Society 150, 39–50.

Other sources of energy

American Nuclear Society 2005. Fast reactor technology: 
a path to long-term energy sustainability, position statement 
74, American Nuclear Society, November 2005. 
www.ans.org/pi/ps/docs/ps74.pdf

Intergovernmental Panel on Climate Change 2007. 
Climate change 2007: synthesis report, IPCC, Geneva.

International Atomic Energy Agency 2005. Thorium 
fuel cycle—potential benefits and challenges, IAEA–
TECDOC–1450, IEAE, Vienna.

International Energy Agency 2007. Nuclear power, 
IEA Energy Technology Essentials number 4, IEA, Paris.

International Energy Agency 2010. Key world energy statistics 
2010, IEA, Paris.

Lindal B 1973. Industrial and other applications of 
geothermal energy. In: Geothermal energy: review of research 
and development, Armstead HCH (ed.), UNESCO 
(Earth Sciences) 12, 135–148. 

Mackay D 2009. Sustainable energy—without the hot air, 
version 3.5.2, 3 November 2008. www.withouthotair.com

Smil V 1994. Energy in world history, Westview Press, 
Boulder.

United States Department of Energy 2002. A technology 
roadmap for generation IV nuclear energy systems, 
December 2002, US DOE Nuclear Energy Research 
Advisory Committee & Generation IV International Forum.

World Energy Council 2007. Deciding the future: energy 
policy scenarios to 2050—executive summary, WEC, London.

World Energy Council 2009. World energy and climate policy: 
2009 assessment, WEC, London.

World Nuclear Association 2009. Thorium. 
www.world-nuclear.org/info/inf62.html

http://www.ans.org/pi/ps/docs/ps74.pdf
http://www.withouthotair.com/

	Deep heat—Australia’s energy future?
	Future energy
	Beyond fossil fuels?
	Australia: the hot continent
	Why Australia?
	The heat-producer’s guide to Australia
	Radioactivity—a potential energy and heat source for Australia
	Is the past the key to Australia’s energy future?
	Bibliography and further reading


