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Foreword
Minerals production in Australia has significantly contributed to the growth of the economy and
Australia’s wealth, importantly the broader minerals industry is a major source of Government
revenue in terms of direct, indirect taxation and royalties. The collective minerals industry
presently produces over half of Australia’s total exports and generates 8% of GDP.
It is clear that the Australian minerals industry is strategically important for the Australian
economy. In addition, it has led to the building of World-class resource services and minerals
research sectors to support exploration and mining at the national and international level.
To sustain current minerals production and to support further growth it is important that
an inventory of new economically viable, diverse commodity mineral resources is
maintained. This can then be developed and converted into production to replace existing mines
as they progressively deplete their reserves and close down.
Resilience is also enhanced through having high quality assets. Rather than focus on having a
large inventory of metal (that may never get exploited), it is more important to have a portfolio
of economically-mineable deposits. In short, not all discoveries turn into mines; instead future
production rates will be driven by the quality of the individual resources in the resource bank.
Quality of resources is measured primarily in terms of size and grade of a specific mineral
commodity, although other factors such as depth, remoteness and environmental/social issues
can offset this. The highest quality / biggest / best deposits are referred to being “Tier-1”, or
“company-making” mines.
It is widely known there have been a decreasing number of Tier-1 discoveries globally over the
past 20 years, a trend that is even more marked in mature exploration environments like
Australia where the last Tier-1 discovery was in 20051. The challenge is “are we finding and
developing enough new mines to fill the production gap left by the inevitable closure of our existing
operations?”. In other words, how sustainable is Australia’s mining industry in the longer term?

1

The most recent Tier-1 mineral discovery was the Tropicana gold deposit in 2005. It went into
production in 2013.
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2

Author’s contact details are +61 418909769, Richard@MinExConsulting.com
Long-term forecast of Australia’s mineral production: GOLD

6

MinEx Consulting

Strategic advice on
mineral economics & exploration

EXECUTIVE SUMMARY
The following study assesses the forty-year production outlook for Australia’s gold
industry. It is part of a larger study that will assess the long-term outlook for Australia’s
other key commodities (namely iron ore, coal, base metals and uranium).
Ever since gold was discovered in the 1850s, the industry has been a key contributor to Australia’s
wealth and prosperity.
In 2017 the Australia produced 9.7 Moz of gold, generated A$15.8 billion in revenue and
employed 28,000 people at 71 major operations.
Even though the gold industry has undergone several booms and busts, it has substantially
grown over the last 170 years. The key question is “will it continue to grow in the future?”;
or more correctly “what do we need to do to sustain the industry for the longer term?”.
To get a handle on the inherent uncertainties associated with making such a long-term forecast,
the analysis used a Monte-Carlo approach to simulate 1000 different scenarios of the future. The
key factors assessed were variability in the gold price, economics of current mines and projects,
uncertainty of exploration success (namely the small probability of discovering a large gold
deposit) and the likelihood/time taken to develop a new mine (not all deposits get mined; and
those that do, it can several years for it to happen).
The current analysis uses the latest price forecasts from the Australian Government’s Office of the
Chief Economist (OCE). It assumes a long-run gold price of A$1525/oz (in constant 2017 Dollars).
And that the market will experience random shocks that will push the short- to medium-term
price above or below this level.
The study assesses the long-term production from existing mines, known new projects (that have
a reported resource but are currently undeveloped) and exploration success. Their relative
contributions are summarised in the following chart.

Long-term forecast of Australia’s mineral production: GOLD
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In the short-term, most production will come from existing mines. However, as shown
above, output from these mines is likely to halve over the next eight years. By 2057 only four
mines are likely to be still open, producing a total of only 0.4 Moz pa between them.
In the medium term, new mines will be opened. The analysis considered 49 undeveloped
projects plus a further 15 under care & maintenance that could be reopened. Modelling work
indicates that probably only half of these will be developed - with peak production of 1.3 Moz pa
occurring in the late-2020’s. By 2057 total production will have declined to only 0.3 Moz pa.
The forecast assumes that future exploration expenditures will remain a near current levels and
that unit discovery costs are A$70/oz and rising by A$10/oz per decade. By 2057, around 4.06
Moz of gold production will come from mines associated with exploration success.
Consequently, in the medium- to longer-term, most production is forecast to come from new
discoveries. In 15 years-time (i.e. by 2032) over half of Australia’s gold production will
come from mines that are yet to be discovered.
Of concern is the fact that the weighted average delay between discovery and development
is 13 years. Consequently, government and industry need to support exploration today –
otherwise we run the real risk of a significant supply disruption in the medium-term.
When the three components (existing mines, new projects and exploration success) are added
together the overall result is that Australia’s gold production is forecast to fall by half over the
next forty years – from 9.7 Moz pa in 2017 to 4.7 Moz pa by 2057. Over the same time, revenues
are projected to fall from $15.8 to $7.3 billion pa. The number of active mines will decline from
71 to 47, and the number of workers directly employed will drop from 28,000 to 7,300.
It should be emphasised that the above chart refers to the likely (or “mean”) results only. All up,
1000 scenarios were modelled, and the individual results for long-term production, revenue and
employment can vary by +/- 40%. Even so, the general trend over time is clear; namely that the
long-term outlook for the gold industry critically depends on continued exploration success.
Sensitivity studies indicate that over the study period each additional dollar spent on exploration
generates an extra $11.40 in sales revenue.
For the Australian gold industry to maintain production at current levels (of 9.7 Moz pa) in the
longer term it will either need to double the overall level of exploration expenditures or double
its discovery performance (i.e. reduce unit discovery costs from $70/oz to $35/oz). The
incremental benefits of reaching this target will be an extra 4.05 Moz of annual production and
extra $6.23 billion in sales revenues and directly create an additional 7,160 jobs in the industry.
The above outlook for the Australian gold industry is premised on “business-as-usual”. The
opportunity exists for industry and government to take the initiative to invent its own
future. In addition to developing policies that encourage/stimulate exploration, the
opportunity also exists to be more efficient and effective at making discoveries. The
challenge is that many of these initiatives require effort (and money) and will take several years
to bear fruit. The following study outlines the overall scale of the challenge and quantifies the
economic benefits associated from achieving these goals.
Long-term forecast of Australia’s mineral production: GOLD
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INTRODUCTION

The study assesses the likely number, quality and size of future potential discoveries and new
projects over the next 40 years; and when combined with the projected production schedule from
existing operations makes a long-term forecast of the overall amount of metal produced and
revenue generated for Australia’s mineral industry. It goes without saying that the future is full
of uncertainty. Rather than ignoring it, this study embraces it. This involves using Monte Carlo
simulations to create a broad range of possible futures for the mining industry under different
discovery, development, production and commodity price scenarios.
Of particular interest is to look at the incremental effect of changes in assumptions and policies.
The overall study is focused on the nine main mineral commodities of importance to Australia’s
economy. These are:
•
•
•
•
•
•
•

Iron Ore
Coal (both Coking and Thermal)
Gold
Nickel
Copper
Lead/Zinc
Uranium

Between them they accounted for 90% of Australia’s mineral exports in 2017.
The current report focuses on the outlook for gold. The results for the other commodities
will be progressively released over time as each analysis is completed.

1.2

Assumptions

For consistency and to better help identify trends, unless otherwise specified, the expenditure
data is reported in Constant June 2017 Australian Dollars.
Unless otherwise specified, all dates refer to calendar years.

Long-term forecast of Australia’s mineral production: GOLD
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Data Sources

Exploration expenditure data at the State and National level was sourced from the ABS Statistics
[ABS, 2017].
Data on the historical and short/medium-term forecast production schedules and costs for
individual mines and proposed projects were supplied by CRU Strategies (a leading minerals
consulting firm based in London). For most commodities reviewed, this covered the period 2006
to 2025. The forecasts were extended to 2057 based on estimates and high-level analyses by the
author.
Information on the discovery history and performance of the minerals industry is sourced from
a database of over 56,000 deposits worldwide as compiled by author. This includes over 11,700
deposits within Australia3. The original data from this came from a wide of sources - including
documents published by the companies themselves (and released on the ASX and other stock
exchanges), government agencies (including the various State Geological Surveys), trade and
technical journals, industry databases (such as SNL’s Metals & Mining database, and InfoMine’s
Intelligence Mine database), as well as author’s own internal files.

3

Most of these are small in size. 1663 of them are classified as being significant (i.e. >= “Moderate” size).
See Appendix A for commentary on the various size and Tier definitions.
Long-term forecast of Australia’s mineral production: GOLD
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2

BACKGROUND

2.1

Discovery History of Australia

Since the discovery of payable gold at Bathurst in 1851, which was quickly followed by gold
discoveries in Victoria, the mining industry became a central part of Australia’s economy. Over
the last 170 years more than 1600 significant mineral deposits have been found in Australia. As
indicated in Figure 1 below, the industry has undergone several booms and busts. Even so, the
current rate of discovery continues to remain at a high level – with over 230 deposits found in the
last decade alone. This includes 46 gold discoveries.

Figure 1:

Number of significant mineral discoveries in Australia by Commodity and
State: 1840-2016

Figure 2 shows that the mineral wealth is widely distributed across the country.
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Figure 2: Location, size and type of mineral deposits in Australia: all years

2.2

Recent Exploration Performance for Australia

Figure 3 shows the level of exploration in Australia by Commodity over the last 27 years. After
reaching an all-time high of A$4591 million4 in June 2012 expenditures fell by 75% to A$1163
million in March 2016. Since then is has slightly improved in the last year and is currently at
A$1316m. This raises the concern that if exploration activity remains low, what impact will this
have on number and timing of new discoveries and mining projects in the longer term.
Figure 4 shows the general trend in the number of significant5 discoveries made since 1975. Over
the last decade (2007-2016) 230 deposits were found6, versus 170 in the previous decade (19972006). The relatively high discovery rate reflects the correspondingly high level of expenditure
in the last decade (totalling $26,360 million versus $13,112 million in the preceding decade).

4

The actual expenditure for June-quarter 2012 was A$1061 million (in Dollars of the Day). After adjusting
for inflation and multiplying by 4, the annualised spend-rate is $4591 million in constant 2017 Australian
Dollars.
5
See Appendix A for a definition of a “significant” deposit. With regard to gold, it is a deposit >100koz,
6
It should be noted that the actual number of discoveries is certain to be higher than this – due to the
inherent delays in drilling out and reporting the true size of recent discoveries. MinEx estimates that the
final tally for 2007-2016 could be around 38 deposits higher.
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Figure 3: Exploration expenditure by Commodity in Australia: March 1990 to March 2017

Figure 4: Number of significant mineral discoveries (by size) versus exploration
expenditures in Australia: 1975-2016
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Figure 5 shows the quality (as measured in terms of its Tier-rating) of these discoveries. Of
concern is the fact that no Tier-1 deposits have been found in Australia in the last decade, versus
four in the previous decade7.

Figure 5: Number of Tier-1, -2 and -3 mineral discoveries in Australia: 1975-2016

Appendix B details the exploration expenditures and discovery performance for Australia over
the last twenty years. It shows that, after adjusting for inflation, the average unit cost per
discovery has increased by 50% - up from A$77 million (for the period 1997-2006) to A$115
million (for 2007-2016). However, as noted before, due to delays in reporting, the final unit
discovery cost is likely to be ~20% lower than the current headline figure. Even so, unit discovery
costs have increased.
In terms of drilling activity, over the last decade it took on average 350,000 metres to make a
discovery versus 420,000 metres in the prior decade. The modest improvement is due to
smaller-sized deposits being found (which are easier to find than bigger deposits), and changes
in the commodity focus (to coal and iron ore) which inherently require less drilling to make a
discovery.
As indicated in Figure 6, there is a strong correlation between drilling activity and the number of
discoveries made. This confirms the old adage that “if you don’t drill, you won’t discover”.
7

For comparison, MinEx Consulting estimates that a total of 15 Tier-1 (bulk and non-bulk) mineral
discoveries were found in the World between 2007-2016; and 22 discoveries between 1997-2006.
Long-term forecast of Australia’s mineral production: GOLD
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Figure 6: Number of discoveries made versus metres drilled in Australia: 1975-2016

While these statistics suggest good performance, it should be noted that most of the recent
discoveries made were of small size and low value.
As detailed in Appendix B, due to the lack of Tier-1 deposits found, the average unit value per
discovery has declined from US$140 million to US$54 million (in constant 2013 US Dollars)8.
For comparison, in US Dollar terms, the average cost per discovery has doubled over the last two
decades - up from US$47 million in 1997-2006 to US$ 98 million in 2007-2016 (both in constant
2013 US Dollars). Part of this is due to a strengthening in Australian Dollar – ironically brought
on by the commodity boom itself.
Given the above, the Value/Cost ratio (or “Bang-per-Buck”) for exploration has significantly
declined. In detail, every Dollar spent on exploration in 2007-2016 generated only ($54/$98 =)
$0.56 worth of value – as compared to ($140/$47 =) $3.00 in the previous decade. By comparison,
the average for the World over the same period was $0.56 [Schodde, 2017].
The various factors behind the decline in performance are discussed in Appendix B.

8

The calculated cost ratio is independent of the currency used. The unit discovery value calculations
were done in constant US Dollars – so as to enable valid comparisons between different regions of the
World over time. In the case for Australia, the US Dollar costs were calculated by converting the nominal
Australian Dollar cost into US Dollars using the exchange rate prevailing at the time. The nominal costs
were then converted into constant US Dollars using US CPI inflation over the study period.
Long-term forecast of Australia’s mineral production: GOLD
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3

LONG-TERM FORECAST – METHODOLOGY & ASSUMPTIONS

3.1

Background

All mines have a finite life. Consequently, for the minerals industry to be sustainable it needs to
continually discovering new deposits and developing new operations.
The long-term production forecast is made up of the following three separate components:
1.
2.
3.

Likely production from existing mines
Possible production from known (but as yet undeveloped) projects or mines that are
currently closed down (and under care & maintenance) and could be reopened
Potential mine production from (as yet) undiscovered deposits

Forecasting the future is intrinsically a highly uncertain business. To get a better appreciation of
this, the model used a Monte-Carlo approach. In detail, the model (was done in Microsoft Excel
using Palisade’s @RISK Software9. The model was then run 1000 times – so as to generate a
corresponding number of different scenarios – from which estimates can be made of the likely
level of uncertainty in the overall results.
The detailed methodology used to construct the gold production forecasts for each of the
three components can be found in Appendix C. The key elements (and assumptions) are
summarised below.

3.2

Methodology for Forecasting the Future Gold Price

For all three production components the first step is to forecast the future gold price. This is
because:




In the case of existing mines, a fall in the gold price (to below the cash operating cost of
the given mine) may cause the mine to close-down.
In the case of new projects, a high gold price is (often) required to make the investment
economic – and so trigger its development.
In the case of exploration, the overall amount of money spent on gold exploration is
related to the gold price. Higher prices result in higher spend and lead to more discoveries
being made – some of which will (eventually) become new mines.

Accurately forecasting the likely price of gold over the next 40 years is a problematic exercise at
best. Industry experts have competing/divergent views on future prices. For example, a recent
sample of forecasts from 22 leading economists [Consensus Economics, August 2017] on the
likely gold price for 2020 (i.e. just three years into the future) resulted in forecasts that ranged
from US$1100 to US$1700/oz in nominal dollars versus its current price (prevailing at the time
the Consensus forecast was made) of US$1282/oz.

9

For more information on Palisade’s @RISK software, go to http://www.palisade.com/risk
Long-term forecast of Australia’s mineral production: GOLD
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Given the inherent uncertainty in the future gold price, the approach adopted was to use a long
run price trend around which the price will vary above-or-below this.
In detail, 1000 different price simulations were evaluated - each representing a synthetic “price
cycle”. In any given year a random shock was given to the gold price and the response in the
following year was for the price to mean-revert (i.e. drift back) towards the long run trend price.
The magnitude of the price shocks and the speed of reversion were based on actual historical
price patterns experienced over the last 25 years.
Figure 7 shows the gold price forecast used in the current analysis. The long run price trend was
based on the latest published price forecast for 2017-2022 from the Office of the Chief Economist
[OCE, March & June 2017], which is a group within the Australian Federal Government’s
Department of Industry, Innovation and Science.
A key assumption is that the long run trend price remains constant in real terms at A$1524/oz.
Figure 7:

Forecast long-term gold price – as used in the model
Note: The confidence intervals are based on 1000 simulations using @RISK)
The dotted lines refer to price trajectories of three randomly generated scenarios.

The three “dotted” lines represent three possible future scenarios or simulations for the gold
price. All up, 1000 different random scenarios were modelled.
The shaded “blue” areas represent the likely price ranges under different levels of uncertainty. In
detail, the model estimates that there is a 90% chance that the gold price in 2057 will lie between
$793 and $2258 per ounce (in constant 2017 Australian Dollars) and a 68% chance (i.e. +/- 1
standard deviation) that it will lie between $1082 and $1968 per ounce. While this range
appears large, it is in-line with that experienced in the past.
Long-term forecast of Australia’s mineral production: GOLD
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Methodology for Modelling Production from Existing Mines

In the case of gold, the author identified 76 mines in Australia that produced more than 10 koz pa
of gold in 201610. The collective output of these mines was 9.697 Moz (or 302 tonnes) in 2016.
For comparison, the Office of the Chief Economist (OCE, June 2017) estimates that Australia will
produce 287 tonnes of gold in 2016-17. This indicates that the current analysis captures
most of the available production.
For completeness, the mine study module includes an additional 13 mines which operated in the
period 2006-2015, but are now closed or under care & maintenance.
Detailed production models were developed for each mine. This included data on the annual
likely mining rate (ore tonnes, head grade and recovery rate), labour rates and unit cash operating
costs (per tonne of ore and Dollars per ounce).
The mine models were then adjusted to include the effect of changes in gold price and the quality
and conversion rate of the available resources. This involved high- or low-grading the deposit.
The former enables the mine to lower its cash operating costs during times of low prices, but at
the expense of drastically reducing the available mine-life. The opposite applies during times of
high gold prices
When all of the above factors (mining dilution, mining losses, mill losses, high-grading and
premature closures) are combined together the author found that typically only 50-70% the total
amount of gold contained in the current reported Resource would be recovered as metal. This
figure is in-line with industry experience.
Another factor to consider is that the known resources at most mines will “grow” over time –
through finding extensions to the deposit plus new satellite deposits in the immediate area.
A detailed analysis of 40 gold operations found that after 25 years of mining, the known premined resource of a given deposit is, on average, 1.65 times larger than that originally reported
at the time of start-up. Most of this growth occurs in the first 10 years.
Consequently, the mine models include an adjustment factor for the likely additional resources
being found on-site. This effectively extends the likely life of the mine.
Information on future operating costs were sourced from CRU Strategies. However, this data only
extended out to 2019. For purposes of modelling, the author has notionally assumed that the unit
cost per tonne of ore mined for the subsequent years rises in real terms by 0.5% per annum
(above the CPI rate). This is associated with increased energy, labour and consumable costs as
well as the need to mine under progressively deeper cover.
On the same basis above, the author also notionally assumed that labour productivity per tonne
of ore mined improves by 0.5% per annum post 2019. This is due to continuous improvements in
mining and processing technology (principally automation and better mining practices).

10

See Appendix D for a detailed list of these mines.
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Methodology for Modelling Production from Known Projects

The author identified 49 undeveloped gold projects in Australia which contain >0.1 Moz. Many
of these are currently at the pre-feasibility/ feasibility study stage. In addition, there are 15 mines
under care & maintenance that potentially could be re-opened in the future11.
A model was developed for individually assessing these 64 known projects. It used the same basic
rules as the previous model for existing mines. The only key change to the methodology was the
need to incorporate an additional set of rules to define the likelihood that a given project will be
developed and, if so, determine length of delay between the discovery and start up.
Based on 40 years of past experience for gold projects in Australia, a set of first-pass estimates
were made on the likelihood of a given discovery being developed. This ranged from 41% for
small/low-grade deposits, up to 100% for large/high-grade deposits. The model assumes that,
in the future, that only 50% (by number) of all discoveries will be mined12.
In practice, the likelihood of development will be influenced other factors – such as social and
environmental issues, mining and metallurgical problems, local availability of infrastructure and
the financial & technical capabilities of the owner. For each project the author made a personal
assessment of these factors and so accordingly adjusted down the calculated first-pass estimate.
The end result is that the overall likelihood of development will be less than that indicated above.
These general probabilities (along with an uncertainty factor) were used in the project model.
For those deposits that do get developed the next step was to determine the likely number of
years delay between discovery and development.
Based on a study of 134 gold deposits found in Australia since 1975, the average delay between
discovery and start of production was found to be 5.8 years. However, it should be emphasised
that this is an average-only. In practice, some projects go into production within 1-2 years,
whereas others may take several decades. Of more concern is the observation that the delay
period is increasing over time. The model assumes that, in the future, it will take on average
13 years for a successful discovery to turn into a mine13. The actual rate will vary with the
grade of the deposit and the mining method. Based on this, a set of rules were developed to
determine the likely delay period of a given discovery.
Finally, based on local knowledge of each project, a minimum start date was set for each project.
The model also includes an adjustment factor for project economics. In detail, it is assumed that
the project will only be developed if it experiences three consecutive years where the gold price
exceeds the incentive price required to fund the project. The incentive price is based on the cash
operating cost of production plus a capital recovery charge, which is based on achieving a 15%
pre-tax real rate of return14 on the capital cost of building the mine.
11

See Appendix E for details on the 49 undeveloped projects and 15 mines on care & maintenance. Some of
the latter have been closed prior to 2006, and so the list varies from that reported in Section 3.3.
12
See Appendix C for details.
13
See Appendix C for details.
14
This is roughly equivalent to a 10% real rate of return after-tax.
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Methodology for Modelling Production from New Discoveries

The following steps were used to forecast the likely level of production from future gold
discoveries.
1. Forecast the likely future gold price over the study period, and from this;
2. Determine the likely level of exploration expenditure for gold.
3. Based on past trends in unit discovery costs per ounce, make a projection of the likely
future trend in costs over time, and by combining steps 2 and 3 together;
4. Calculate the likely average amount of gold likely to be discovered each year (for
example, if the industry spends $700m on gold exploration in Year X and unit discovery
costs are (say) $70/oz then, on average, 10 million ounces of gold will be found in Year X
5. Assuming a given size-frequency distribution for gold deposits (which reflects that
found in the past) determine the likely number of deposits found in each given year for
each given size (i.e. for each 1 giant gold deposit found, XX major and YYY moderatesized deposits will also be found; collectively their contained ounces must add up to the
total ounces forecast to be found in the given year).
6. Based on the historical distribution of tonnes and grade, estimates are made of the likely
size (in Mt of ore) and grade of the new discoveries.
7. Projections are made on the likely trend towards finding deposits under deeper cover
(many of which will be developed as underground mines), and then based on the
estimated forecast size, grade and mining method used;
8. An estimate is made of the probability that the discovery will be developed; and
assuming that it is developed;
9. An estimate is made of the likely delay between discovery and development;
10. Based on the likely size of the deposit and the mining method used, estimates are made
of the likely mining rate (i.e. bigger deposits have higher mining rates) and;
11. Using the predicted grade of the resource, and factoring in the likely dilution & mining
losses and processing losses, estimates are made of the likely mount of gold produced
each year; and based on the predicted size of the resource (calculated in step 6) and the
estimated annual mining rate (calculated in step10); and from this;
12. Estimates are made of the mine life in years. This figure assumes that only a certain
percentage of the total resource is converted into mineable reserves, and finally;
13. The annual production of each of the individual deposits are added up to determine the
likely overall metal production for the industry.
It should be noted that many of the inputs and assumptions used in steps 8 to 13 of the exploration
model are the same as that used in the project and mine models. The key exceptions are:


No adjustment has been made to the head grade mined due to year-on-year changes in
the gold price. This was because the model doesn’t calculate the likely cash and full cost
of gold production for each project. This simplification means that the exploration model
doesn’t capture industry’s various responses to low prices – namely high grading the
deposit or temporarily putting the mine on care & maintenance while waiting for prices
to improve. Nor does it capture the effect of project delays while waiting for the gold price
to exceed the incentive price.

Long-term forecast of Australia’s mineral production: GOLD
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No adjustment is made for the resource to grow over time. It is assumed that the size of
the discovery calculated in step 5 is based on the true/ultimate size of the available
resources.
No adjustment has been made for possible situations where the mine may be put on careand-maintenance during times of low gold prices.
No adjustment was made for future mine expansions.
The forecast discoveries were limited to primary gold deposits only. In practice, some byproduct gold will be produced from new base metal discoveries.

These exceptions were done to keep the model simple. The overall effect is that the level of
uncertainty in the long-term forecast may be under-estimated.
Forecast Exploration Expenditures
Based on 25 years of historical data for Australia, a multi-factor regression algorithm was
developed to forecast the likely future level of exploration expenditures for gold and other metals.
As shown in Figure 8, the algorithm gives a fair prediction – with an R2 of 0.70 for gold.

Figure 8: Actual versus predicted and forecast exploration expenditures (for gold)
for Australia: 1985-2055

The model forecasts that expenditures on gold exploration will level-out at $677 million (in
constant 2017 Australian Dollars) by 2057.
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Forecast Amount of Metal Found
Figure 9 shows the trend in the unit discovery cost for gold in Australia over the last forty years.
As can be seen, based on reported discoveries unit costs have risen dramatically – up from $28/oz
in 1985 to over $150/oz from the mid-2000s onwards. In practice the actual cost will be less –
as it takes time for companies to report and fully drill-out their recent discoveries. Based on past
experience, estimates were made on the likely amount of unreported gold found in the last
decade. This lowers the unit discovery cost to around $50/oz for the period 2013-16.
The large swings in discovery costs are due to a range of factors. In detail, the recent commodity
boom resulted in short-term higher costs for drilling and geologists15. These costs have largely
now been unwound when the business cycle moved into the down-phase. Overlain on this are
long-term structural factors – such as the increased cost and difficulty in exploring under
progressively deeper cover in a mature jurisdiction like Australia. Other structural factors include
increased regulatory compliance and additional costs associated with meeting social and
environmental needs.
Projecting forward, the author assumes that the unit cost of finding gold will progressively
rise by $10 per decade, from a starting value of A$70/oz in 2017. This suggests that unit
discovery costs will be around $78/oz in 2025 and $110/oz in the year 2057.
Figure 9: Historical and projected future unit discovery costs for gold in Australia

Based on this cost forecast (of A$110/oz in 2057), coupled with the exploration expenditure
forecast (of $677m in 2057) the likely amount of gold found in 2057 is estimated to be
(677/110 =) 6.2 million ounces.

15

Over the period 2000-2012 the average cost of running an office, hiring a geologist and drilling a hole
more than doubled in real terms. Consequently, it should not come as a surprise that the unit cost of
discovery also doubled over the same time period [Schodde, November 2013].
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Key Assumptions

The key assumptions are:
















The long-term gold price will decline from A$1629/oz in 2017 to A$1529/oz by 2057
(in constant 2017 Dollars). Around this trend line, the gold price will randomly move up
and down. In any given year there is a 90% chance that the gold price will vary between
$845 to $2240/oz.
New projects will only be developed if the prevailing price gold exceeds the incentive
price (for the given project) in the three preceding years.
Future production from existing mines and new projects will be based on currently
reported Resources – the size and grade of which will be adjusted to include the impact
of changes in the gold price (for projects with high operating costs) and mining and
recovery losses.
Additional ore will be found at operating mines and known projects – which will
potentially extend their life. The amount found is a function of the overall size of the
pre-mined resource, the maturity of the mine and the deposit type.
Labour productivity will improve by 0.5% pa from 2020 onwards,
Unit operating costs (for existing mines and new projects) will rise by in real terms (i.e.
above the CPI rate) by 0.5% pa from 2020 onwards,
Based on the above forecast gold price, mean exploration expenditures for gold are
projected to be fairly flat over the next 40 years – at around $670 million pa. In any
given year there is a 90% chance that the likely spend will be between $475 and $882
million.
The unit discovery cost for gold is set at A$70/oz in 2017, rising by A$10/oz per decade,
reaching $110/oz by 2057.
All new gold deposits found in Australia will be less than 10 Moz in size.
Not all projects and new discoveries will turn into mines. The proportion (and speed of
development) is a function of the size and quality of the deposit.
Due to the progressive increase in the depth of cover, an increasing number of the
discoveries will be developed as underground mines.

With regard to the model itself; probability distribution functions were assigned to all of the key
variables. A Monte-Carlo model was run 1000 times (using @RISK software) to assess the likely
range of uncertainty on the results. The Confidence Intervals chosen were 68% and 90%.

Long-term forecast of Australia’s mineral production: GOLD
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4

LONG-TERM FORECAST

4.1

Forecast Gold Production – Existing Mines

The mine model assessed the likely output from 68 currently operating mines16 and 8 projects
currently under construction. Between them they produced a total of 9.70 Moz of gold in 2016.
With regard to future production, the following three scenarios were modelled:
1. Future production based on current reported Reserves only
2. Future production based on current reported Resources only
3. Future production based on current reported Resources, plus likely future additional
resource growth from mine site exploration
The resulting production profiles (mean-values only) for the three scenarios are shown in
Figure 10 below. The detailed production profiles and associated Confidence Intervals for each
of the scenarios are shown in Figure 11. As can be seen, production is set to dramatically
decline over the next two decades. Based on current reported Reserves, gold production will
drop by half in the next five years (i.e. by 2022); using current Resources will extend this by a
further 3 years. Due to the maturity of the existing operations the potential for finding
additional resources at the mine site is fairly modest – and, as a result, only adds another 2
years to the average.
Figure 10: Forecast production gold production rate for Australia under differing
assumptions of Resource availability: 2017-2057

16

Eight of the 68 mines produce gold as a by-product; these are Ernest Henry, Golden Grove, Hera,
Northparkes, Olympic Dam, Osborne, Prominent Hill and Rosebery. See Appendix D for further details.
The 68 operating mines excludes mines that are currently under care & maintenance. For purposes of
modelling, the latter are assessed as new projects (see Section 4.2)
Long-term forecast of Australia’s mineral production: GOLD
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Figure 11: Forecast production gold production rate and confidence intervals under
differing assumptions of Resource availability: 2017-2057
Scenario A= Mining is limited to current reported P&P Reserves
Scenario B = Mining is limited to current reported MI&I Resources
Scenario C = Mining is based on current reported MI&I Resources + estimated
additional resources found through mine site exploration

Long-term forecast of Australia’s mineral production: GOLD
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In terms of the number of operating mines, the number will rise from 71 in 2017 to 73 in 2018,
then quickly drop to a mean of 43 mines by 2025 (see Figure 12). At a 90% Confidence Interval,
the likely number of mines in 2025 will be in the range of 19 to 53. The lower figure is driven by
situations where the mine closes down prematurely because of low gold prices.
Figure 12 also shows that by 2035 only 15 existing mines will still be operating. By the end of
the study period (2057) it is forecast that, on average, only four mines will still be operating17.
After factoring in uncertainty, the likely number (at a 90% Confidence Interval) is between zero
and five.
With regard to an iconic mine like the Kalgoorlie Super pit, the model predicts that there is a 5%
chance that the mine may close down as early as 2023, a 50% chance of closure by 2026 and a
90% chance by 2029.
Clearly, for Australia’s mining industry to be sustainable in the future, it needs to quickly find
and develop new projects to replace lost production from existing mines.

Figure 12: Forecast number of existing gold mines: 2017-2057
Note: The analysis is based on Scenario C, with production is set by Current reported
Resources + estimated additional resources found through mine site exploration

17

More correctly, the “mean” number of existing mines operating in 2057 is forecast to be 3.9. This is
made up of Olympic Dam, and possibly three of the following six mines– Cadia East, Central Murchison,
Charters Towers, Plutonic, Southern Cross or South Kalgoorlie.
Long-term forecast of Australia’s mineral production: GOLD
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Forecast Gold Production – Known Projects

The model includes data on 49 known undeveloped gold projects in Australia which contain >0.1
Moz. In addition, there are 15 mines presently under care & maintenance that potentially could
be re-opened in the future (see Appendix E for details for both groups). Collectively they contain
76.6 Moz of gold and if they were all developed at the same time, they would collectively produce
4.56 Moz pa of gold.
In practice, not all of these projects will be developed and, for those that do get developed, there
may be several years delay before they go into production. Figure 13 shows the forecast
production schedule from these projects; it shows that production is likely to peak at in the late
2020’s and then slowly decline after that. After factoring in uncertainty, the likely production in
2025 (at a 90% Confidence Interval) is between 0.53 and 2.03 Moz, with a mean of 1.31 Moz.
The associated number of new mines operating in 2025 will be 16, within a range of 6 to 24 (at
a 90% Confidence Interval).
Over the next 40 years, a mean of 29.7 projects (or 46% of the 64) are likely to be developed.
These contain a Resource of 40.8 Moz (or 53% of the 76.6 Moz potentially available).
It should be noted that the vertical scale used for Figure 13 is the same as that for Figure 11. This
was deliberately done to highlight the fact that development of known projects is not going to
offset the forecast drop in production from existing mines. As indicated above, only half are likely
to be developed over the next 40 years. Consequently, the long-term sustainability of the
Australian gold mining industry is heavily reliant on exploration success to deliver new mines.
Figure 13: Forecast production gold production rate for Australia from known projects
and mines currently under care & maintenance: 2017-2057
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Forecast Gold Production – New Discoveries

The model predicts that the annual discovery rate will drop from (a mean of) 7.6 deposits in 2021
to around 5.0 deposits by 2057. It should be noted though that, the range of uncertainty is very
high. In 2057 there is a 90% chance that the likely number found in that year will be between 2
and 9 deposits. This reflects the inherent riskiness of exploration.

Figure 14: Historical and forecast number of gold discoveries in Australia: 1995-2057

All up, over the next 40 years it is likely that around 266 new gold discoveries will be made. This
will contain 314 Moz of gold.
As shown in Figure 15 the mean amount of gold discovered per year will fall from 9.5 Moz in 2021
to 6.3 Moz in 2057.
However, it should be emphasised that not all of these discoveries will be mined; and of those
that do, there will be several years delay between discovery and development. As discussed in
Appendix C, it is estimated that only 50% of them will be mined – and that the larger
discoveries have a better chance of going in production than smaller discoveries.
Furthermore, for those that do turn into mines there is (on average) a 13-year delay
between discovery and development.
Figure 16 shows the overall trend over time in the number of new mines opening and closing each
year. By 2045 the mean number of active new mines peaks at 43.

Long-term forecast of Australia’s mineral production: GOLD
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It must be emphasised that the above numbers are averages only, and that the likely number, size
and amount of gold found and produced will vary widely from year-to-year. Consequently, it is
estimated that (at a 90% Confidence Interval) exploration success over the next decade will
deliver 5 to 34 (with a mean of 21) new operating mines by the year 2025.

Figure 15: Historical and forecast amount of gold discovered in Australia: 1995-2057

Figure 16: Forecast number of discoveries and associated new gold mines
in Australia: 2015-2055
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29

MinEx Consulting

Strategic advice on
mineral economics & exploration

Figure 17 shows the likely amount of gold produced from these new discoveries. By 2025, it is
forecast that (within a 90% Confidence Interval) production will lie between 0.62 and 3.08 Moz
pa, with a mean value of 1.71 Moz. This will level out at around 4,3 Moz pa in the 2040’s before
slowly declining to 4.06 Moz pa by 2057.
Figure 17: Forecast gold production from new discoveries in Australia: 2017-2057

While large discoveries are rare (less than 5% by number will be >5 Moz) they will account for
33% of the ounces found and 38% of the ounces mined. This highlights the importance of
focusing efforts on greenfield exploration – as this is more likely to deliver giant deposits.
Figure 18: Breakdown of the number of discoveries and mines developed / gold produced
by deposit size: Total for 2017-2057

Long-term forecast of Australia’s mineral production: GOLD
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Forecast Total Number of Mines

Figure 19 adds together the data on the likely forecast number of mines for existing mines, known
projects and likely new discoveries. As can be seen the total number of operating mines is set to
increase from 71 in 2017 to 90 mines by 2021, before declining to 47 mines by 2057. There is a
90% chance that the likely range of mines operating in 2025 will be in the range of 41 to 101
mines, with a mean of 81.
Figure 19: Forecast total number of gold mines operating in Australia: 2005-2057

4.5

Forecast Total Gold Production

Figure 20 shows the likely total forecast gold production for Australia over the next 40 years.
Mean output is set to rise from 9.70 Moz at present to 11.34 Moz pa by 2021 before declining to
4.69 Moz pa by 2055. At a 90% Confidence Interval, likely production in 2025 will be in the range
of 6.63 to 12.08 Moz, with a mean of 9.91 Moz. It is significant to note that by 2032 half of
Australia’s forecast production will come from mines that are yet to be discovered.
By 2057, it is forecast that exploration successes will account for 87% of all gold production.
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Forecast total gold production for Australia: 1995-2057

To further emphasise the importance of exploration success on the future sustainability of the
gold industry, Figure 21 shows the discovery dates associated with likely amount of gold
produced. From this it is clear that the legacy of current exploration success on future
production can extend over several decades. It also shows that the industry’s discovery
performance in the last two decades has been mediocre - and is a major factor for the large
projected decline in future production in the medium term.
Figure 21: Forecast total gold production, by discovery date, for Australia: 1995-2057
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Forecast Head Grade

Figure 22 shows the likely trend in the weighted average head grade18 mined over the next forty
years. The forecast grade is the weighted average of existing mines, new projects (that are
developed) and mines associated with new discoveries. The overall effect is that the average head
grade is forecast to decline from 1.83 g/t Au in 2017 to 1.36 g/t in 2029 before rising to 2.19 g/t
by 2057.
Figure 22:

Forecast head grade for primary gold mines in Australia: 1995-2057

Given that production is dominated by existing mines in the short-term and new discoveries in
the longer term, the overall trajectory of the gold grade mined over time is complex. Further
complicating the story is the assumption that an increasing proportion of new discoveries will be
under progressively deeper cover and developed as (high grade) underground mines.
With regard to existing mines, the average head grade declined from 2.44 g/t Au in 2006 to 1.83
g/t in 2017. It is forecast that the grade will continue to decline over the next decade to 1.02 g/t
by 2029, before rebounding to over 5 g/t in the longer term. The reversal is due to several of
large low grade open pit gold mines closing down in the late 2020s, leaving behind an increasing
proportion of higher grade underground mines. Of the 3-4 existing primary gold mines surviving
to 2057, half of them will be underground operations.
With regard to known undeveloped projects, there is a mix of high grade / highly profitable
projects and lower grade / more marginal projects. For obvious reasons the former are developed
first – which explains why the head grade start off at 3.44 g/t in 2018 and quickly falls to 1.61 g/t
in 2020, before slowly declining to 1.08g/t by 2057.

18

It should be noted that (the forecast excludes mines where gold is produced as a by-product. This was done
to remove the distorting effect of large mines – such as Olympic Dam, Ernest Henry and Prominent Hill which
mine large tonnages of (primary copper) ore containing relatively low gold grades.
Long-term forecast of Australia’s mineral production: GOLD
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A similar story applies to the head grade of mines associated with new discoveries. Those with
higher grades tend to be developed first – peaking at 3.97 g/t in 2020 and then steadily declining
to 2.26 g/t by the end of the forecast period.

4.6

Forecast Total Gold Revenues

Figure 23 shows the likely future sales revenues for the Australian gold industry; this was
calculated by combining the forecast production data (in Figure 20) with the forecast gold price
(in Figure 7). As can be seen, total revenues (in A$ terms) have significantly risen in recent years
– and are projected to increase over the next five years (from A$15.8 billion in 2017 to $17.6
billion by 2021 before slowly declining by more than half to $7.3 billion by 2057. At a 90%
Confidence Interval, the likely gold revenues in 2025 will be in the range of $5.3 to $22.6 billion,
with a mean of $14.7 billion. The wide variation in revenues is mainly driven by the large
uncertainty in the future gold price, which is exacerbated by the associated fact that the number
of discoveries and amount of mine production are both directly affected by higher/lower prices.
Even with the long-term decline in revenues, the local gold industry will remain an
important contributor to Australia’s economy and exports in the longer term.

Figure 23:

Forecast total revenues for the Australian gold industry: 2005-2057
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Forecast Total Employment

As indicated below, it is forecast that the number of people working in the gold industry19 will
reduce by a factor four over the next four decades. This is a combination of mine closures, and
reduced production, but also the cumulative effect of ongoing labour productivity gains
(notionally set at 0.5% pa per tonne of ore mined). Offsetting this slightly will be the fact that an
increasing proportion of the future mines will be underground operations – which tend to be
more labour-intensive (per ounce of gold produced) than open pit operations.

Figure 24:

Forecast total number of gold mine workers in Australia: 2005-2057

19

Figure 24 includes an adjustment for people working off-site in corporate offices. To avoid double-counting,
it excludes those people working at mines where gold is a by-product (such as Olympic Dam). It also excludes
mine construction and greenfield exploration activities.
Exploration was left out of the analysis because of difficulties in compiling reliable historical data on
employment in this sector. The ABS compiles statistics on the number of people working in “Exploration and
Other Mining Support Services” – with 52,600 workers in 2015. Unfortunately, the proportion working on
domestic mineral exploration (and the target commodity) is not reported. The ABS also report that, in 2015, a
total of 7500 “Geologists, Geophysicists and Hydrogeologists” were employed in Australia. However, this
figure includes people working in the oil & gas, government and other sectors. Also, it doesn’t include nonprofessional people – such as support staff, field assistants and drillers. Finally, it doesn’t give a breakdown
between greenfield exploration and mine-site exploration (with the latter being captured in the author’s
estimate of total mine-site workers).
As a first-pass guess, the author estimates that around 10,000-15,000 people currently work on mineral
exploration within Australia, and that 20-30% of these may working in the gold sector.
Long-term forecast of Australia’s mineral production: GOLD
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SENSITIVITY STUDIES

A series of scenarios were run to assess the impact of changes in assumptions for some of the key
inputs.

5.1

Impact of a Change in the Long Run Gold Price

The analysis assumes that the long run price of gold is $1525/oz (in constant 2017 Australian
Dollars).
Modelling work was carried out on the impact of a +/-10% change in gold on total number of
mines, production, revenues and employment. These were then compared against the base-case
– so as to determine the incremental impact. The results are summarised in Figures 23 to 25.
As indicated in Figure 25, it is estimated that a 10% step reduction in the gold price will reduce
the number of mines operating in 2025 by 8.9 mines (i.e. from 80.4 down to 71.5 mines).
Averaged out over the next decade, the overall effect will be a loss of 6.2 mines. Extending the
period out over the next forty-years gives an average loss of 4.8 mines.
Conversely, a 10% step increase in the gold price will add an average of 4.7 additional mines over
the next decade and 4.6 mines over the next forty-years.

Figure 25: Incremental effect of a +/-10% change in the forecast gold price on the
number of gold mines in Australia: 2015-2055
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With regard to gold production the impact of a change in the gold price produces a counterintuitive result. As shown in Figure 26, the model predicts that, in the short term (i.e. over the
next 3 years), a step reduction in the gold price results in higher – not lower – output. On closer
examination, it is found that the model assumes that when prices fall, companies will try to
maintain their operating margins by increasing the cut-off grade and high-grading the deposit. In
so doing the mine produces more metal – but this is at the expense of a significantly shorter mine
life. Consequently, production quickly drops off in the medium term as the existing mines run out
of economic ore. The situation persists into the longer term as lower prices discourages
exploration (and fewer discoveries) and inhibits known new projects from being developed.
Averaged out over the next decade, a 10% step decrease in the gold price will reduce Australia’s
gold output by 0.47 Moz pa.
In terms of the forty-year view, a 10% step decrease in the gold price will reduce the industry’s
average output by 0.41 Moz pa – for a cumulative total of 16.3 Moz. Conversely a 10% increase in
the gold price will increase the average annual output by 0.37 Moz. The asymmetric change in
output with the gold price is due to the need to high-grade the mine during times of adversity.

Figure 26: Incremental effect of a +/-10% change in the forecast gold price on gold
production in Australia: 2017-2057
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The following figure shows the effect on revenues. A 10% decrease in the gold price will reduce
annual sales revenues over the next decade by A$2.1 billion (or 13%). Over the full forty-year
period the reduction is $1.5 billion per annum (for a total of $60.1 billion). Conversely, a 10%
rise will boost average mine revenues by $1.9 and $1.6 billion pa over the next 10 and 40 years
respectively.

Figure 27: Incremental effect of a +/-10% change in the forecast gold price on gold
revenues in Australia: 2015-2055

Finally, in terms of employment, a 10% step reduction in the gold price will reduce employment
in 2025 by 2880 workers (i.e. from 26,530 down to 23,650 workers). The average reduction
over the next decade is 1800 workers (or 6% of the total); and 1550 fewer workers over the
next forty years. Conversely, a 10% step rise in the gold price will boost employment over the
next decade by 1320 workers (or 4.6% over the prevailing rate). Over the full forty-year period,
the net increase will be 1600 workers.
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Figure 28: Incremental effect of a +/-10% change in the forecast gold price on number of
gold workers employed in Australia: 2015-2055

5.2

Impact of a Step Change in Exploration Expenditures

A scenario was modelled where exploration expenditures on gold exploration increased by $100
million per annum for ten years (i.e. for a total spend of A$1 billion) from 2018 to 2027. The
resulting incremental effect on sales revenues are plotted in Figure 29. As can be seen, additional
revenue (from the extra mine production) starts to flow through from year 3 onwards, peaking
at $613 million in 2031. Over the forty-year forecast period, it is estimated that the extra $1
billion spent on gold exploration will generate $11.4 billion in extra revenues – giving a
multiplier ratio of 11.4 to 1.
It should be emphasised that the above calculated ratio refers to sales revenues, not profits or
cash flow – both of which will be much smaller. Due to the complexity in calculating these, these
metrics were not modelled in the current study.

On this basis, it is clear that Government policies that stimulate exploration expenditures
and activity can have a significant long-term impact on revenues and wealth created by the
mining industry.
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Figure 29: Incremental effect on spending an extra A$1 billion on exploration
expenditures on future gold production in Australia: 2015-2055

5.3

Impact of a Change in the Unit Discovery Costs

The base-case model assumes that the average cost of finding gold is A$70/oz rising by $1/oz
per annum. This number is an estimate-only (and is based on historical trends) and may not
match that realised in the future.
Figures 30 and 31 show the incremental effect of a +/- $20/oz change in the unit discovery cost
on future production and revenues. A $20/oz increase in the underlying cost of discovery will
reduce the number of deposits found. This then flows through into reduced metal production
over the longer term. Modelling work indicates that the effect peaks in 2040 – with (say) a +/$20/oz change in costs resulting in a -0.85 / + 1.39 Moz change in annual gold production and a
-$1.33 / +$2.11 billion change in annual sales revenues.
The above results change also be used to assess the pay-off to industry from investing in new
technologies and methods that improve the discovery performance. For example, a $10/oz
reduction in discovery costs will translate in a sustained long-term increase of ~0.5 Moz pa in
gold production and an extra ~A$800 million pa in sales revenues.
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Figure 30: Incremental effect of a +/- A$20/oz change in the unit discovery cost
on gold production in in Australia: 2017-2057

Figure 31: Incremental effect of a +/- A$20/oz change in the unit discovery cost
on gold revenues in in Australia: 2017-2057
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An alternative way of looking at the benefits from investing in R&D on gold exploration is to
model the effect of a (say) 1.5x, 2x or 3x progressive improvement in discovery performance
over the next decade (2018 to 2027) on the ounces found and future mine output. Figure 32
shows that (say) a 2x improvement in performance will double the average amount of gold
discovered in (say) 2028 from 8.6 to 17.5 Moz pa.
As discussed earlier, it takes time for the additional discoveries to translate into additional mine
production. Figure 33 shows forecast gold production under 1.5x, 2x and 3x improvement in
discovery performance. For the industry to sustain production in the longer term at
around current levels (of 9.7 Moz pa) it needs to either double its discovery performance
(i.e. reduce unit discovery costs from $70/oz to $35/oz) or double the total amount of
money spent on exploration, or a combination of both.
Figure 34 shows the resulting incremental impact of innovation on gold production, revenues
and employment over the study period. As can be seen it takes one or two decades for the
additional discoveries to translate into extra output. By 2057, investing in an R&D program that
results a 2x improvement in discovery performance will deliver an extra 4.05 Moz pa of gold
production, $6.2 billion pa in sales revenues and 7160 additional jobs. The figures ignore the
second-order benefits to the mining industry (from higher profits), the METS sector (through
exporting the exploration innovations overseas) and the general economy (through extra
construction activity associated with building new mines and supplying additional materials &
equipment).

Figure 32: Effect of a 1.5x, 2x and 3x improvement in discovery performance on ounces
discovered in Australia: 2017-2057
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Figure 33: Effect of a 1.5x, 2x and 3x improvement in discovery performance on gold
production in Australia: 2017-2057

Figure 34: Incremental effect of a 2x improvement in discovery performance on ounces
discovered, gold production & revenues and employment for the Australian
gold sector: 2017-2057
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Impact of a Change in the Speed of Discovery & Development

Not all discoveries are turned into mines; and that those discoveries that are successful, there will
be several years delay between discovery and mine start-up.
Depending on the size and grade of the deposit, the analysis assumes that only half of the
discoveries will be developed and the delay period will range from 1 to 40 years, with a median
of around 6 years 21. This delay can be reduced through;




More aggressive exploration by the owner
the application of new exploration techniques (that identify and test targets quicker)
improvements in the Government’s approval process for land access and mine permits

Figure 35 shows the incremental effects on forecast gold production from changing the delay time
by +/- 1 year. As can be seen, initiatives that speed up the process by (say) one year will generate
an extra 0.2 to 0.3 Moz of gold production (and $300-400 million pa in revenues) for Australia
over the short- to medium- term. However, most of the benefit is dissipated in the longer-term
(i.e. beyond 20 years); this because the project pipeline will have reached a new equilibrium22.
Notwithstanding this, it is calculated that over the first 20 years the overall increase in
incremental revenues would be around $6.18 billion.
Figure 35: Incremental effect on gold production of changing the delay period for
converting a gold discovery into a mine in Australia: 2017-2057

21

It is assumed that 50% of all gold deposits (by number) will be developed within 40 years of their discovery.
In terms of contained metal, it is assumed that 85% of the gold found will developed over the same time
period. In both cases, the median period (half of those projects that are developed) is assumed to be 6 years.
See Appendix B for more details.
22
In detail, the number of extra new projects being developed one year earlier is counter-balanced by the
extra number of old mines that are closing down one year earlier.
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Although not modelled, a similar level of benefit would be expected for those known projects
currently at the scoping study/feasibility study stage.

5.5

Cumulative Growth in Resources

Although not strictly part of the sensitivity study, data was compiled on the likely forecast size of
the available gold resources – and an assessment was made on how this may change over time.
As discussed earlier in Section 3.3, the model assumes that the average ore grade will be adjusted
up/down (using a hypothetical tonnes-grade curve) in response to changes in the commodity
price and operating costs. As a result, the total amount of contained gold also moves up/down.
Based on this, the total resource ounces for the existing mines (including potential growth
through mine-site exploration), known projects and forecast new discoveries were added
together. As shown in Figure 36, the total Resource figure for 2017 was 11,860 tonnes of gold.
This figure is 25% higher23 than the current published figure for Australia’s Economically
Demonstrated Resources is 9548 tonnes in 2015 [Geoscience Australia, 2017].
Putting aside the definitional issue of what exactly is an “economic” resource, the model forecasts
that Australia’s gold Resources will decline 21% in the medium-term to around 9330 tonnes
before slowly growing again in the longer term to 9670 tonnes by 2057. There a 90% chance that
the Resource figure in 2057 will be in the range of 7680 and 11,680 tonnes.
It should be emphasised that the forecast Resource figures are estimates-only and are not JORCcompliant.
While Figure 34 suggests that Australia has, and continue to have a large stock of gold in the
ground, the real issue is how much, and quickly, will the gold be mined? Modelling indicates that
the overall mining rate will decline by half over the forecast period. This is driven by the fact that
not all of the deposits found (or are currently sitting in inventory) are economically mineable. As
discussed earlier it is estimated that only half of the currently known deposits (containing 76.6
Moz) will ultimately be mined. A similar story applies for potential new discoveries. Modelling
suggests that around 85% (or 270 out 314 Moz) of the gold to be discovered over the next 40
years will ultimately be mined, and of this, less than half (129 Moz) will be recovered by 2057.
In both cases the un-mined gold goes into inventory – hence adding to the long-term
growth in the notional resource. This explains the apparent contradiction of having an
increasing resource but falling mine production.

23

The variance is due to timing issues and the level of coverage. With regard to timing, the EDR numbers are
based on data 1-2 years older than that compiled by the author – and so may not have captured the latest
discoveries and resource additions. With regard to coverage, the data used in the current analysis is based on
the sum of the Proven & Probable Reserves plus all Measured Indicated & Inferred Resources for 153 (largesized) mines and projects modelled. The EDR is based on a “tighter” definition for reported resources –
namely, it is the sum of the published Proven & Probable reserves and most of the Measured and Indicated
Mineral Resources. In detail, it excludes Inferred Resources and an unspecified portion of the Indicated
Resources. Slightly offsetting this is the fact that the EDR captures a larger pool of (smaller) deposits.
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Figure 36: Estimated gold resources and mine production for Australia: 1995-2057
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SUMMARY / CONCLUSIONS

The current study focuses on the long-term outlook for Australia’s gold sector. The other
key commodities (namely iron ore, coal, base metals and uranium) will be covered in
supplementary reports.

Ever since gold was discovered in the 1850s, the mining industry has been a key contributor to
Australia’s wealth and prosperity. Over the intervening 170 years more than 1600 significant
mineral deposits have been found. Half of these deposits were found in the last four decades and
many of these have been put into production.
Even though the industry has undergone several booms and busts, it has substantially grown over
the last century. The key question is “will it continue to grow in the future?”; or more correctly
“what do we need to do to sustain the industry for the longer term?”.
It almost goes without saying that all mines have a finite life, and eventually each mine will closedown. Consequently, a simplistic analysis of the mining industry suggests that the long-term
outlook is bleak. In practice, the real situation can be quite different. Operations often extend
their lives through finding additional ore and changing to their mining practices. There is also a
large pool of deposits and projects available for development. Finally, there is the opportunity
(via exploration) to discover new deposits and develop new mines.
The relative contribution of each of these three components (existing mines, new projects and
exploration success) varies over time. Figure 37 summarises their combined impact on
Australia’s future gold production. It should be emphasised that the forecast numbers are “mean”
or average numbers only. In practice, due to the inherent uncertainty in commodity prices and
exploration success, the long-term output can be up to 40% higher/lower.
As shown in Figure 37, the short-term (i.e. the next 5 years) production is dominated by
output from existing mines. Modelling work indicates that gold production from existing mines
(totalling 9.7 Moz in 2017) will remain steady for the next two years then quickly decline
thereafter. Based on current Proven & Reserves only, Australia’s gold production could fall by
half by 2022. This can be extended out to 2025 if one uses current reported Resources24.
Factoring in likely resource growth from mine-site exploration extends this out to 2027. Even
so, by the end of the study period (2057) only four of the current 71 mines will still be operating
and contributing less than 0.4 Moz pa of production.

24

It should be noted that not all of the reported Resources is economically mineable. The model assesses the
operating costs and increases the head grade (and effectively reduces the size of the available resource) to
ensure that the mine is cash-positive. In extreme situations, the model may also determine that the best
course of action is to put the mine on care & maintenance while waiting for the gold price improve.
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Figure 37: Forecast total gold production for Australia: 1995-2057
Base Case assumption: “Mean” results

In the medium term (5-10 years out) the development of new mines based on known
deposits will be important contributor to future production. In practice, there are two
classes of available projects – those that are economic (and waiting for the feasibility study to be
completed before committing to construction) and those that are sub-economic (and require a
period of higher prices to trigger their development). Most projects fall into the latter category.
The current analysis was based on the latest price forecasts from the Australian Government’s
Office of the Chief Economist (OCE). With regard to gold, it is projected that the price will fall
from A$1629/oz in 2017 to A$1525/oz (both in constant 2017 Dollars) in the longer term. In
practice, the actual price will vary above/below this rate. To capture this uncertainty, Monte
Carlo simulations were carried out to create 1000 different scenarios where external shocks
temporarily push the price up or down, before reverting back to the long-term rate. Using
historical price volatilities, the model estimates that, for 90% of the time over the next forty years,
the gold price will vary within the range of $845 to $2240/oz. Consequently, there will be
extended periods where the gold price is sufficiently high to trigger the construction of
(otherwise marginal) gold projects.
Modelling shows that over the next forty years, half of the known available gold projects (30 out
of 64) will ultimately be developed. Between them they contain 40.8 Moz of Resources (out of
76.6 Moz available). A given project’s start-up date will depend on timing issues (associated with
the need to complete the feasibility study and raise finance) and the business cycle (most projects
need a high gold price to trigger their development). Consequently, it will take several decades
for these projects to come on-line. It is estimated that peak output (of around 1.3 Moz pa from 16
new mines) will occur in the late 2020’s and then slowly decline thereafter. By 2057, total output
is forecast to be only 0.3 Moz pa.
Long-term forecast of Australia’s mineral production: GOLD
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From the above it is clear that development of the current inventory of known gold projects is not
sufficient to fill the projected shortfall in Australia’s gold production.
In the long term (i.e. 10-40 years out) exploration success will play a major role in
overcoming much of the looming shortfall in gold production. The model forecasts that, over
the next forty years, 266 new gold deposits will be found in Australia, containing a total of 314
Moz. Of these, only 50% of the discoveries (by number) and 85% (by contained metal) will
eventually be developed. It is estimated that, over the study period (2017-2057) these projects
will produce a total of 129 Moz of gold.
The above forecast assumes that:








Gold exploration expenditures will move in-line with the prevailing gold price.
The industry will spend around $680 million pa on gold exploration – which is in-line with
recent spending patterns (of $400 to $800m pa over the last decade).
Unit discovery costs are A$70/oz. This is comparable to the average unit cost experienced
over the last decade (of $67/oz).
Unit costs will rise by $10/oz per decade – driven by the additional challenges of exploring
under progressively deeper cover.
The individual discoveries made will vary in size and quality. Most will be small and be
of low grade; only a handful will be large and high grade. The latter are more likely to be
developed. It is assumed that (on average) only half of all discoveries will turn into mines.
For those that do get developed, the lead time from discovery to production will vary
between 1-20 years, with a weighted average of 13 years.
o The underlying shape of these distributions matches that experienced by the
Australian gold industry over the last 2-3 decades.
The mining rate will vary the size of the deposit and mining method chosen.

When the three components (existing mines, new projects and exploration success) are added
together the overall result is that Australia’s gold production is forecast to fall by half over the
next forty years – from 9.7 Moz pa in 2017 to 4.7 Moz pa by 2057 and total sales revenues will fall
by 54% (from $15.8 billion to $7.3 billion pa). The number of active mines will decline from 71
to 47 and the number of workers directly employed from 28,000 to just 7,300.25 Figure 38
summarises the overall trend in production, number of mines, employment and revenues over
the next forty years.
Consequently, in the medium- to longer-term, most production is forecast to come from new
discoveries. In 15 years-time (i.e. by 2032) over half of Australia’s gold production will
come from mines that are yet to be discovered.
Of concern is the fact that the weighted average delay between discovery and development
for a new discovery is 13 years. There are also indications that it is getting harder and slower
to convert a discovery into a mine.
Consequently, government and industry need to support exploration today – otherwise we
run the real risk of a significant supply disruption in the medium-term.

25

Note: Half of the decline in the number of workers is associated with productivity gains.
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Figure 38: Forecast production, number of mines, employment and revenues for the
Australian gold industry: 1995-2057

Sensitivity studies indicate that over the forty-year study period:





A 10% increase in the long run gold price will increase annual production, employment
and revenues by 5.3%, 4.6% and 14.7%. respectively.
Each additional dollar spent on exploration generates an extra $11.40 in revenue.
A $10/oz reduction in unit discovery costs will result in 0.5 Moz pa increase in output and
an extra $800 million pa in revenues.
Shortening the time taken for a discovery to be developed will unlock an extra 0.2-0.3 Moz
of production in the short- to medium-term. The corresponding additional revenue
generated over twenty years will be around $6.18 billion.

For the Australian gold industry to maintain production at current levels (of 9.7 Moz pa)
in the longer term it will either need to double the overall level of exploration
expenditures or double its discovery performance (i.e. reduce unit discovery costs from
$70/oz to $35/oz). The incremental benefits of reaching this target will be an extra 4.05 Moz of
annual production, an extra $6.23 billion in revenues and additional 7160 jobs.
The above-mentioned outlook for the gold industry is premised on “business-as-usual”. The
opportunity exists for industry and government to take the initiative to invent its own
future. In addition to developing policies that encourage/stimulate exploration, the
opportunity also exists to be more efficient and effective at making discoveries. The
challenge is that many of these initiatives require effort (and money) and will take several years
to bear fruit. Given the long lead times involved (both for R&D, discovery and mine development)
there is an urgent need to start the process now.
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APPENDIX A: DEFINITIONS

Company types
Junior Explorers - refers to those companies that have limited (or no) revenue streams to
finance their exploration activities. Instead the principal means of funding exploration is
through equity finance.
Small Producers - are companies with one small mining operation. They typically have sales
revenues of <US$50m pa.
Moderate Producers - are companies with one or two mining operations to fund their
exploration activities. They typically have sales revenues of around US$50-500m pa.
Major Producers (Single) - are companies with multiple mining operations that generate
sufficient cash flows to internally fund and develop large mining projects on its own. They
tend to be focused on only 1-2 commodities. They have sales revenues >US$500m pa. A
current example of this company type would be Newcrest Mining Ltd.
Major Producers (Multi) - are those Major Companies with a spread of mining operations
and expertise across a broad range (ie >3) of different commodities. They have sales revenues
>US$500m pa. An example of this company type would be BHP Billiton.
As a simplification for the current study, the Major Producers (Single) and (Multi) have been
merged together to form one category.
State Owned Companies - generally refers to mines owned and managed by the National
Government. It also refers to discoveries made by Government geologists. This is often the
case in the Former Soviet Union and in China.
Oil Companies - generally refers to companies who main activity is oil & gas exploration and
production. In the 1970’s a number oil companies (like BP, Shell and Chevron) were actively
exploring for minerals.
Private/Unlisted Companies – are companies not publicly trading on the Stock Exchange.
They rely on their own internal cash flows and/or the private shareholders for funding
exploration.
Prospectors – these are individual people (usually with no formal geological skills) that selffund their own exploration efforts. They are associated with many of the discoveries in the
early part of NSW’s mining history.

Long-term forecast of Australia’s mineral production: GOLD

53

MinEx Consulting

Strategic advice on
mineral economics & exploration

Deposit Size
The various size classifications are based on the deposit’s “pre-mined resource”. This is the
current published Measured, Indicated & Inferred Resource (as defined by JORC) plus
cumulative historic production (adjusted for mining and processing losses).
Giant-sized deposits
>6Moz Au, >1Mt Ni, >12 Mt Zn+Pb, >300Moz Ag, >1000 Mt thermal coal, >500 Mt coking coal,
>500 Mt Fe, >125 kt U3O8, and >5Mt Cu or its equivalent in-situ value for other metals
Major-sized deposits
1-6Moz Au, 0.1-1Mt Ni, 2.5-12 Mt Zn+Pb, 50-300Moz Ag, 200-1000 Mt thermal coal, 100-500
Mt coking coal, 100-500 Mt Fe, 25-125 kt U3O8, and 1-5Mt Cu or its equivalent in-situ value
for other metals
Moderate-sized deposits
100koz-1Moz Au, 10-100kt Ni, 250kt-2.5Mt Zn+Pb, 5-50Moz Ag, 20-200 Mt thermal coal, 10100 Mt coking coal, 10-100 Mt Fe, 5-25kt U3O8, and 1-5Mt Cu or its equivalent in-situ value
for other metals
Minor-sized deposits
10-100koz Au, 1-10Kt Ni, 25-250kt Zn+Pb, 0.5-5Moz Ag, 2-20 Mt thermal coal, 1-10 Mt coking
coal, 1-10 Mt Fe, 0.5-5kt U3O8, and 10-100kt Cu or its equivalent in-situ value for other metals
In situations where a JORC-defined Resource has not been reported, the author made a
judgment call on the general size range of the deposit.
For purposes of this study a “significant” deposit is defined as one that is >=“Moderate-sized”.

Discovery Date
The discovery date refers to when the deposit was recognised as having significant value. This
is usually set as the date of the first economic drill intersection.
It should be noted that a review of the discovery history of the deposit may show that there
were small-scale workings on the site. For purposes of this study, if there is a order-ofmagnitude step change in the known endowment of the deposit (i.e. from 100 kt to >1 Mt Cu,
the date of the upgrade is viewed as the discovery date for the main deposit. A separate
record will be made of the earlier discovery - with the mine name usually having the suffix
"(OLD WORKINGS)". An example of this would be Cadia – where small scale copper mine
existed back in the 1880s.
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Camps
Camps are a collection of deposits sharing a common proximal location and geology - and they
usually share a common processing facility.
When a set of mines is owned by a single company, the reported endowment often refers to
the entire camp. To prevent "double-counting", any high-level analysis on discovery and
endowment should only include the figure for the camp total.

Tiers
These measure the “quality” of the project.
Tier-1 deposits are “World-Class” or “Company-making" mines. They are large, long life and
low cost. Using long run commodity prices it generates >US$500-1000m pa of revenue (i.e.
>200 ktpa Cu or >800 kt Zn+Pb or >5ktpa of U3O8 or >250 koz pa Au) for >20 years and is in
the bottom quartile of the cost curve. It has very robust economics and will be developed
irrespective of where we currently are in the business cycle and whether the deposit has been
fully drilled out. The resource is of a size/quality that it creates multiple opportunities for
expansion.
Broken Hill, Cadia Hill and Cadia East are examples of a Tier-1 deposit.
As at January 2013, Tier-1 deposits have a risk-adjusted NPV at the Decision-to-Build stage of
>US$1000 million. The expected value is estimated to be ~US$2000 million (in constant 2013
Dollars).
Tier-2 deposits are “Important” deposits - but are not quite as large or long life or as
profitable as Tier 1 deposits. I.e., it only meets some of the Tier 1 criteria.
Typically, Tier-2 deposits are economically attractive/profitable in all but the bottom of the
business-cycle, but have limited "optionality" because of modest size and mine life.
It is noted that over time, through additional delineation and/or changes in costs or business
risk some Tier-2 deposits may ultimately become Tier-1 deposits.
As at January 2013, Tier-2 deposits have a risk-adjusted NPV at the Decision-to-Build Stage
of US$200 - $1000m, with an expected value of ~US$500 million (in constant 2013 Dollars).
Ridgeway and Prominent Hill are examples of a Tier-2 deposit.
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Tier-3 deposits are small and/or marginal deposits (most deposits found fall into this
category) While they can be profitable – at best they don’t meet more than one of the Tier-1
criteria.
Typically, these projects only get developed during the top of the business cycle and/or
developed only if they are satellite operations to an existing business (i.e. they would never
be developed as a stand-alone mine). Using long run price forecasts Tier-3 deposits have
NPV's between $0-$200m at the decision-to-build stage. The expected value is estimated to
be ~US$80 million (in constant 2013 Dollars). Henty and Frogs leg are examples of a Tier-3
deposit.
Tier-4 deposits are large but uneconomic projects. Using long run price forecasts, the
deposit has a negative NPV at the decision-to-build stage and is unlikely to be developed (even
at the top of the business cycle). Notwithstanding the poor economics, due to the potential to
discovery better mineralization on-site and/or higher commodity prices, they do have a
(small) option value. Consequently, they have been assigned a notional value of US$10 million
(in constant 2013 Dollars)
Note: Tier numbers are generally only applied to deposits that are >= “Major” in size
Unclassified deposits. For purposes of the study, the author has assigned a notional value
of US$10 million (in constant 2013 Dollars) to those Moderate-sized deposits that were too
small/marginal to be assigned a Tier classification. This figure was based on the typical
enterprise value (derived from the market cap less cash on hand) for Junior Companies with
projects of this size.

Project Stage
Greenfields Exploration – refers to exploration projects carried out in areas where only
minimal (or no) work has been carried out before (or the previous work was focused on a
different commodity type or deposit style. type in areas of limited exploration.
Given that there are no existing mining operations in the immediate area, the discovery will
need to be developed as a stand-alone new operation.
Brownfields Exploration – is all exploration (regardless of stage) at or immediately around
an existing mine site owned by the company. It includes the search for satellite ore bodies
within an economic transport distance of the operating mine. It excludes expenditures on
production geology (for mine scheduling purposes) or confirmation drilling on the producing
ore body (which is focused on upgrading Resources into Reserves).
Pre-Feasibility/Scoping – A JORC Resource has been reported and work is underway to
assess the technical and commercial merits of the project.
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Feasibility Study – Detailed work is being carried out to fully assess the technical and
economic viability of the project. Concurrently work is being carried out on the social and
environmental aspects of the project, with a view of building a mine.
Construction – A decision has been made to build the mine. Typically, it takes 1-2 years to
build it.
Operating – The mine is in production.
Care & Maintenance - The mine is temporarily shut down. This is most often due to high
costs and/or low commodity prices. The expectation is that the mine will eventually reopen
when market conditions improve.
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APPENDIX B: HISTORICAL EXPLORATION PERFORMANCE FOR
AUSTRALIA: 1997-2016
Over the last two decades a total of $36.4 billion (in constant June 2017 Australian Dollars) was
spent on mineral exploration in Australia and over 151 million metres of drilling was completed.
This led to the discovery of 400 known deposits, including 39 that were of “giant”-size (including
four deposits that were Tier-1). These were:
Table B1: Giant mineral discoveries found in Australia: 1997-2016
Deposit Name

Location

Primary
Commodity

MORANBAH SOUTH

Queensland

Coal

circa 1997

2

Feasibility Study

POONCARIE HMS PROJECT

New South Wales

Mineral Sands

1998

2

Operating Mine

KALGOORLIE NICKEL LATERITE

Western Australia

Nickel

1999

3

Feasibility Study

MANGOOLA

New South Wales

Coal

1999

2

Operating Mine

CHRISMAS CREEK

Western Australia

Iron Ore

2002

1

Operating Mine

CLOUDBREAK

Western Australia

Iron Ore

2002

2

Operating Mine

CALIWINGINA

Western Australia

Iron Ore

2002

2

Advanced Exploration

GLACIER VALLEY

Western Australia

Iron Ore

pre 2002

3

Advanced Exploration

NORTH STAR

Western Australia

Iron Ore

pre 2002

2

Development/Construction

EUCLA

South Australia

Zircon

2004

1

Development/Construction

KRARA MAGNETITE

Western Australia

Iron Ore

pre 2004

3

Operating Mine

SOLOMON IRON ORE OPERATION Western Australia

Iron Ore

2004

1

Development/Construction

TROPICANA

Western Australia

Gold

2005

1

Operating Mine

THUNDERBIRD

Western Australia

Mineral Sands

circa 2005

3

Pre-Feas/Scoping

SERENITY

Western Australia

Iron Ore

circa 2005

3

Advanced Exploration

EAGLE DOWNS

Queensland

Coal

circa 2005

2

Development/Construction

MINYANGO (CALEDON)

Queensland

Coal

circa 2005

3

Feasibility Study

YERILLA

Western Australia

Nickel

2006

4

Pre-Feas/Scoping

MT IDA

Western Australia

Iron Ore

2006

4

Feasibility Study

RIDLEY MAGNETITE

Western Australia

Iron Ore

2006

3

Feasibility Study

JINAYRI

Western Australia

Iron Ore

pre 2006

2

Advanced Exploration

JINIDI

Western Australia

Iron Ore

pre 2006

2

Feasibility Study

CHINA STONE

Queensland

Coal

pre 2006

2

Pre-feas/Scoping

SARAJI EAST

Queensland

Coal

circa 2006

2

Pre-feas/Scoping

CARMICHAEL

Queensland

Coal

pre 2007

2

Feasibility Study

PILBARA IRON ORE PROJECT

Western Australia

Iron Ore

2008

3

Feasibility Study

SOUTH FLANK

Western Australia

Iron Ore

pre 2008

2

Feasibility Study

ALPHA

Queensland

Coal

pre 2008

2

Feasibility Study

SOUTH GALILEE

Queensland

Coal

pre 2008

3

Pre-feas/Scoping

MT FORREST MAGNETITE

Western Australia

Iron Ore

pre 2009

3

Pre-feas/Scoping

KEVIN'S CORNER

Queensland

Coal

pre 2009

3

Feasibility Study

ROCKLANDS

Queensland

Coal

circa 2009

3

Pre-feas/Scoping

NYIDINGHU

Western Australia

Iron Ore

2010

3

Feasibility Study

HYDE PARK

Queensland

Coal

pre 2010

4

Advanced Exploration

HONEYMOON WELL (LATERITE)

Western Australia

Nickel

pre 2011

3

Advanced Exploration

COLUMBOOLA

Queensland

Coal

circa 2011

3

Advanced Exploration

SYERSTON

New South Wales

Scandium

2012

3

Advanced Exploration

GRUYERE

Western Australia

Gold

2013

2

Development/Construction

EARL GREY

Western Australia

Lithium

2016

3

Advanced Exploration

TOTAL (1997-2006)
TOTAL (2007-2016)
TOTAL

Discovery
Date

Tier

Current Status

24
15
---39

Note:
Giant is defined as >6 Moz Au, >125 kt U3O8, >1 Mt Ni, >12 Mt Zn+Pb, >5 Mt Cu equiv, >1000 Mt Coal, >1000 Mt Fe
Source: MinEx Consulting © August 2017

Long-term forecast of Australia’s mineral production: GOLD

58

MinEx Consulting

Strategic advice on
mineral economics & exploration

The following Table details Australia’s discovery performance over the last two decades.
Table B2: Exploration performance of Australia: 1997-2016
1997-2006

2007-2016

Number of Discoveries made (by size classification)
Giant

24

14%

15

7%

Major

59

35%

66

29%

87

51%

149

65%

Moderate

---(A) Total

170

Metres Drilled (Million)
Million Metres per Discovery

---100%

230

71.28

79.93

0.42

0.35

(#)

100%

Quality of Discoveries made
Tier-1

4

2%

0

Tier-2

21

12%

12

5%

Tier-3

56

33%

62

27%

89

52%

156

68%

Unclassified

---Total

170

0%

---100%

230

(#)

100%

Estimated Value of Discoveries (2013 US$m)
Tier-1

$8,000

34%

$0

0%

Tier-2

$10,500

44%

$6,000

48%

Tier-3

$4,480

19%

$4,960

40%

$890

4%

$1,560

12%

Unclassified

---(B) Total

$23,870

---100%

$12,520

(#)

100%

(B)/(A) Average Value per discovery
in 2013 US$m

$140

$54

Exploration Expenditures
(C) In A$m of the Day
(D) in 2017 A$m
(E) in 2013 US$m

$9,119

$23,977

$13,112

$26,360

$7,945

$22,517

Unit cost per Discovery (i.e. Exploration Effiency)
(D)/(A) in A$ terms

$77

$115

(E)/(A) in US$ terms

$47

$98

Ratio Value / Cost

(i.e. "Bang per Buck")

(B)/(E) in US$ terms

3.00

0.56

(#)

Source: MinEx Consulting © August 2017
See Appendix A for definitions of deposit sizes and Tier classifications
Caution: Valuation numbers are approximate only. Based on an average value (in 2013 US$) of Tier-1 = $2000m,
Tier-2 = $500m, Tier-3 = $80m and Unclassified = $10m
(#) No allowance has been made for the likely number or value of unreported discoveries made in recent years. Or for known
discoveries to grow in size/quality. This could increase the calculated figures by 20-40%
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While these statistics suggest good performance, it should be noted that most of the discoveries
made were of modest size and low value. Over the last decade, only 15 out of the 230 discoveries
made were giants. More importantly, as noted above, no Tier 1 (or “World-Class”) discoveries
was made in the last decade – versus four in the previous decade. By definition, a Tier 1 deposit
is large, long life and highly profitable26, and as such, have a significant and enduring impact on
the industry’s long-term output and sustainability. These are the type of deposits industry needs
to find and develop.
Due to the lack of Tier-1 deposits found, the average unit value per discovery has declined from
US$140 million to US$54 million (in constant 2013 US Dollars)27.
For comparison, in US Dollar terms, the average cost per discovery has doubled over the last two
decades - up from US$47 million in 1997-2006 to US$ 98 million in 2007-2016 (both in constant
2013 US Dollars). Part of this is due to a strengthening in Australian Dollar – ironically brought
on by the commodity boom itself.
The lack of high-value discoveries and the increase in unit discovery costs resulted in a poor
Value/Cost ratio (or “Bang-per-Buck”). As calculated in Table B2, over the last decade, every
Dollar spent on exploration on average generated only $0.56 worth of value – as compared to
$3.00 in the previous decade. By comparison, the average for the World over the same period
was $0.56 [Schodde, 2017].
However, it should be noted that:
•

•

•

•
•

26

The apparent decline in performance may be overstated. As more information
becomes available on the true number and size of recent discoveries the reported
quality and value will correspondingly increase over time. A recent study published
by the author [Schodde, November 2013] indicate that the actual number of
discoveries in the preceding 2 to 5 years could be 10% to 30% higher than that
currently reported.
The recent mining boom caused a (temporary) blow-out in exploration costs. In detail,
between 2005-2012 the unit cost of hiring a geologist and drilling a hole doubled in
real terms [Schodde, November 2013]. Following the end of the boom, these costs
have significantly declined.
Exploration strategies have changed over the last two decades. In recent years there
has been a shift away from greenfield to brownfield exploration – with the latter
involving re-evaluating old targets near existing mining operations. Due to their
maturity, there is little opportunity for these targets to deliver a Tier-1 discovery.
Explorers face progressively increasing environmental and social costs and delays.
Over several decades the industry has been progressively exploring under deeper
cover. This make exploration more expensive and difficult.

See Appendix A for a more detailed definition of Giant and Tier 1 (and other-sized/quality) deposits.

27

The calculated cost ratio is independent of the currency used. The unit discovery value calculations
were done in constant US Dollars – so as to enable valid comparisons between different regions of the
World over time. In the case for Australia, the US Dollar costs were calculated by converting the nominal
Australian Dollar cost into US Dollars using the exchange rate prevailing at the time. The nominal costs
were then converted into constant US Dollars using US CPI inflation over the study period.
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APPENDIX C: METHODOLOGY USED TO FORECAST FUTURE GOLD
PRODUCTION
All mines have a finite life. Consequently, for the minerals industry to be sustainable it needs to
continually discovering new deposits and developing new operations.
The long-term production forecast is made up of the following three separate components:
1.
2.
3.

Likely production from existing mines
Possible production from known (but as yet undeveloped) projects or mines that are
currently closed down (and under care & maintenance) and could be reopened
Potential mine production from (as yet) undiscovered deposits

The methodology used to construct the gold production forecast for each of the three components
is discussed below.

C.1

Forecast Commodity Prices

The commodity price has a major impact on future production rates. In particular,




In the case of an existing mine, if the price falls below the cash cost of production the
mine will need to modify its operating practices or close down
In the case of new projects, the future commodity price needs to be sufficiently high to
trigger the financing and construction of the mine
In the case of production from new (as yet) undiscovered deposits, the number of
deposits found is related of the level of exploration activity which, in turn, is a function
of the commodity price.

Accurately forecasting the likely price of the nine nominated commodities28 over the next forty
years is a problematic exercise at best. Even experts have competing/divergent views on future
prices. For example, a recent sample of expert views for 22 leading economists [Consensus
Economics, August 2017] on the likely gold price for 2020 (i.e. just 3 years into the future)
resulted in forecasts that ranged from US$1100 to US$1700/oz in nominal dollars versus its
current price (prevailing at the time the Consensus forecast was made) of US$1282/oz.
The best way to resolve the problem is to consider a wide range of possible price scenarios. To
this end the author used a Monte-Carlo approach to simulate the possible price trajectories for
the next forty years under 1000 different cases. This was done to identify / quantify the inherent
28

The full report (of which gold is the first metal assessed) will assess the long-term production outlook for the
following nine commodities - gold, coper, nickel, zinc, lead, uranium, thermal coal, coking coal and iron ore.
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uncertainty in the price forecasts, and their overall impact on the likely level of production. This
approach also enables one to robustly model the incremental impacts of different Government
policies and initiatives on future production.
A key assumption in this approach is that the level of uncertainty/volatility in commodity prices
remains constant over time. To this end, a statistical analysis was done of the year-on-year
changes in A$ prices29 over the last forty years for the commodities of interest. This also involved
assessing the covariance in prices between each commodity.
Another key assumption is that, for each of the commodities, the long run trend price remains
flat. No attempt has been made to determine if the price is sufficient to meet the World’s future
supply/demand needs for each commodity30.

The following Table summarises the price forecasts used in the study.

Table C1: Commodity Price Forecast: 2016-2057

Commodity

Basis

Gold
Copper
Zinc
Lead
Nickel
Uranium (c)
Thermal Coal (d)
Coking Coal (d)
Iron Ore Fines (e)

[2017 A$/oz]
[2017 A$/lb]
[2017 A$/lb]
[2017 A$/lb]
[2017 A$/lb]
[2017 A$/lb]
[2017 A$/t]
[2017 A$/t]
[2017 A$/t]

ExRate (f)

[A$/US$]

2016
actual

2017
est

2018
forecast

2019
forecast

2020
forecast

Long run price (in 2035)
Mean
68% CI (a)
forecast
forecast

$1,715
$3.04
$1.30
$1.16
$5.99
$36
$79
$139
$69

$1,629
$3.34
$1.57
$1.30
$5.66
$30
$100
$248
$81

$1,611
$3.27
$1.60
$1.24
$7.06
$41
$92
$180
$67

$1,626
$3.42
$1.53
$1.24
$8.15
$54
$91
$164
$72

$1,571
$3.43
$1.46
$1.18
$8.40
$54
$88
$157
$72

$1,525
$3.57
$1.38
$1.15
$8.89
$58
$80
$158
$70

0.74

0.77

0.72

0.74

0.75

0.75

90% CI (b)
forecast

$1097 to $1953
$2.64 to $4.10
$0.94 to $1.81
$0.68 to $1.63
$7.13 to $10.65
$45 to $72
$61 to $100
$100 to $215
$48 to $93

$845 to $2240
$2.07 to $5.10
$0.70 to $2.12
$0.40 to $1.99
$5.80 to $11.91
$35 to $80
$47 to $112
$80 to $262
$35 to $109

0.68 to 0.82

0.64 to 0.88

Source: MinEx Consulting © August 2017 based on forecasts from OCE March 2017 and June 2017
Notes (a)
(b)
(c)
(d)
(e)
(f)

The 68% Confidence Interval (equal to +/- 1 Standard Deviation of the Mean Price) is based on Monte Carlo modelling
The 90% Confidence Interval (equal to ~ +/- 2 Standard Deviation of the Mean Price) is based on Monte Carlo modelling
Spot price for U 3O8
FOB Coal price for a port on East Australian Seaboard
FOB price for 62% Fe fines
The Exchange Rate generally moves in the opposite direction to the commodity prices

29

Using Australian, rather than US Dollar prices, eliminates the need to forecast the likely future A$/US$
exchange rate. In any case, preliminary modelling showed that the overall results in Australian Dollar
terms are less volatile – in that, during the down-part of the business cycle when prices are low, the
impact on the local industry is partly offset by a corresponding weakening in the Australian exchange
rate. The opposite effect applies in the up-part of the business cycle.
30
For example, if insufficient metal is being discovered to meet future demand, the price of the given
commodity is likely to rise to stimulate additional exploration efforts and encourage marginal mining
projects to be developed. The converse situation also applies - where there is excess supply.
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Figure C1 shows the general trend over time in the 68% and 90% Confidence Intervals31 for each
of the nine commodities. These were calculated by running a Monte Carlo simulation of the price
model 1000 times using random price shocks. The size and relative timing of these shocks is
based the historic price volatility32 . The end-result is that, in a given year, the year-on-year price
movements for the 9 commodities can move at different rates and (sometimes even) different
directions.

Figure C1: Forecast long-term commodity prices – as used in the model
Note: The confidence intervals are based on 1000 simulations using @RISK)
The dotted lines refer to price trajectories of three randomly generated scenarios.

For all commodities, it was assumed that the short-term price is “mean-reverting” over time. In
other words, a random downwards price shock means that in the subsequent years the price will
tend to drift-up (or revert-back) to the long run equilibrium price. For simplicity, a common
speed of reversion was used for all commodities33.

The 68% Confidence Interval is equal to +/-1 Standard Deviation in the forecast results. The 90%
Confidence Interval (which goes from 5% to 95% of the results) is approximately equal to +/- 2 Standard
Deviations.
32 In detail, for each given commodity, a volatility factor was added to the price shock. This was set at a
rate which generated correlation factors that match historical experience.
33 The decay (or “k”) factor was notionally set at 4 years. In practice, the rate will vary by commodity
(pers.comm with Michael Samis, July 2015).
31
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To minimise the risk of the model generating nonsensical results, the author set floor- and ceilingprices for each commodity. These were set to reflect the inherent price limits for each commodity
(below which large sections of the global mining industry would close-down or, in the case of a
price spike, result in large-scale substitution from other metals and/or stimulate additional new
capacity to quickly come on-stream). As a general rule, the floor/ceiling prices were comparable
with the actual extreme minimum/maximum prices experienced over the last 40 years.
In all cases, the “mean” values were set using the latest available forecasts from the Office of the
Chief Economist [OCE, March & June 2017] of the Australian Department of Industry, Innovation
and Science. The author extrapolated OCE’s 2017-2022 forecast in a straight-line out to 2057.
The dotted-lines in Figure C1 shows the price trajectories of 3 randomly selected scenarios for
each commodity. Even though the forecast price movements are randomly generated, a quick
visual inspection shows that the trajectories reflect that seen in past business cycles34. This is
important factor to model, as the desire to invest in exploration and the decision to build new
mines is often triggered during the up-phase of the commodity price cycle. In other words, any
analysis using a simple flat price forecast will result in an under-estimate of the likely number of
new mines built.
In summary, forecasting the future is full of uncertainty. Hopefully, the true answer lies
within the wide range of predictions made.

C.2

Methodology for Modelling Production from Existing Mines

In the case of gold, the author has identified 76 mines in Australia that produced more than 10
koz pa of gold in 2016 (see Appendix D for details). The collective output of these mines was
9.697 Moz (or 302 tonnes) in 2016. For comparison, the Office of the Chief Economist (OCE 2017)
estimates Australia will produce 287 tonnes of gold in 2016-17. This indicates that the current
analysis captures most of the available production.
For completeness, the mine study module includes an additional 13 mines which operated in the
period 2006-2015, but are now closed-down or under care & maintenance.
Detailed production models were developed for each mine. Data on the annual likely mining rate
(ore tonnes, head grade and recovery rate), labour rates and unit cash operating costs (per tonne
of ore and Dollars per ounce) for years 2006 to 2019 were sourced from CRU Strategies and
company reports. With regard to production beyond 2019, the author assumed, in the first
instance, that the key inputs would remain constant until the available ore reserves were
depleted.
The mine models were then adjusted to include the effect of changes in gold price and the quality
and conversion rate of the available resources. In detail, it assumed that if the gold price dropped
below the notional cash cost of production, the head grade would be correspondingly adjusted
upwards through grade engineering to compensate for this – i.e. the deposit would be “high34

It should be emphasised that the randomly generated price cycles are not based on forecast macroeconomic events or business cycles. They simply just mirror price patterns seen in the past.
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graded”. Conversely, if the notional cash cost of production dropped below 40% of prevailing gold
price, the operator would elect to lower the cut-off grade (and so increase the available resource)
to a point where the adjusted operating cost was 70% of the prevailing gold price – i.e. the deposit
would be “low-graded” during periods of high commodity prices. This would help extend the
economic life of the mine. This approach is in-line with past behaviour of the industry.
With regard to converting available Resources into mineable Reserves, the starting point in the
model was to use the current reported Measured Indicated & Inferred Resource figure. This
figure was then adjusted for mining dilution and losses to produce an expected head grade for
mineable Reserves. In cases where the calculated Reserve grade was below the notional head
grade of the mine, the starting Resource figure adjusted or “high-graded” to give the correct final
figure. In the process, the tonnes of ore available was reduced, thereby shortening the effective
life of the mine. When all of the above factors (mining dilution, mining losses, mill losses and
high-grading) are combined together the author found that typically only 50-70% the total
amount of gold contained in the current reported Resource would be recovered as metal. This
figure is in-line with industry experience.
Figure C2 shows the trade-off between ore tonnes and grade for 60 gold deposits. From this a
general trend-line was calculated for each of the three main deposit-styles35. In addition, an
analysis was carried out on the uncertainty factor for each trend-line. The results were used as
inputs to the mine model for calculating the effect of changes in the notional head-grade on the
available ore tonnes.
Figure C2: Normalised Tonnes-Grade curve for 60 gold deposits

In practice, the mine operator has a limited ability to high-grade a deposit. This is driven by the
ore body geometry and the mining method and size of equipment used - which determine the
operator’s ability to selectively mine the orebody. For purposes of modelling the degree of
upgrading was limited to 1.3x of the previous year’s mined head grade. In situations where the
35

The analysis shows that, on average, orogenic-style deposits are much more amenable to high-grading
than epithermal or porphyry-style gold deposits.
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adjusted head grade results in the mine being unprofitable (i.e. the cash cost of production
exceeds the prevailing gold price), the model assumes that the mine is placed on care &
maintenance. Production will only restart if/when prices subsequently rise above the adjusted
cash cost of production.
Another factor to consider is the fact that the known resources at most mines will “grow” over
time – through finding extensions to the existing deposit and satellite deposits in the immediate
area. Figure C3 shows that after 25 years of mining, the known pre-mined resource of a given
deposit is, on average, 1.65 times larger than that originally reported at start up. This figure is
net of any adjustments to the resource size associated with changes in the reported head- and
resource-grades over time (using the same trend-lines as that reported in Figure C2).
Figure C3 also indicates that the rate of resource growth slows down over time. Consequently,
the opportunity for mature mining operations to continue to grow in size is limited.
Based on limited data, Figure C3 also indicates that (after ignoring Grasberg, as an outlier) the
growth rate for porphyry-style deposits is one-fifth that for other main deposit styles36. The
author incorporated the trend-line growth rates (and associated uncertainty factors) given in
Figure C3 into the mine model.
Figure C3: Growth over time in the pre-mined Resource for 27 primary gold deposits

As noted before, data on future operating costs for each mine were sourced from CRU Strategies.
However, this data only extended out to 2019. For purposes of modelling, the author has
notionally assumed that the unit cost per tonne of ore mined for the subsequent years rises in
real terms by 0.5% per annum. This is associated with increased energy, labour and consumable
36

Although not reported in Figure C3, Iron Oxide Copper Gold (IOCG) style deposits (such as Olympic
Dam, Ernest Henry and Prominent Hill) – where gold is a by-product - grow at a similar rate to porphyry
deposits. This was factored into the mine model.
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costs as well as the need to mine under progressively deeper cover. This will affect the
profitability of the mines and may require the operator to increase the head-grade being mined
and/or bring forward the date the mine closes.
On the same basis above, the author also notionally assumes that labour productivity per tonne
of ore mined improves by 0.5% per annum post 2019. This is due to continuous improvements in
mining and processing technology (principally automation and better mining practices).
To assess the impact of uncertainty, the mine model was written in Microsoft Excel and run 1000
times (as a Monte Carlo type simulation) for each scenario using Palisade’s @RISK Software37.
This generated a forecast set of results with a range bounded by 68% and 90% confidence
intervals.

C.3

Methodology for Modelling Production from Known Projects

The author identified 49 undeveloped gold projects in Australia which contain >0.1 Moz. Many
of these are currently at the pre-feasibility/ feasibility study stage. In addition, there are 15 mines
under care & maintenance that potentially could be re-opened in the future (see Appendix E for
details for both groups).
The assumptions and modelling rules used to determine their likely production schedule are
discussed below.
The production model for known projects uses the same basic rules as the previous model for
existing mines. However, one key difference is the need to incorporate an additional set of rules
that define the likelihood that a given gold project will be developed and, if so, determine length
of delay between the discovery and start up.

Estimated Likelihood of Development
With regard to the first step, an analysis was carried out on the current status/ development
history of 266 primary gold deposits found in Australia between 1960 and 2016. The data was
used to assess what percentage of discoveries go into production and the speed at which this
happens.
Figure C4 (Part A) shows that ten years after their discovery, 79% of the deposits found in the
1980s had turned into mines. However, for those found in the 1990s the figure was 50% and
those found in the period 2000-16 only 22% were mined. Extrapolating the data out suggests
that, after 40 years around 90% of the deposits discovered in the 1980’s will have been
developed. This drops to around 70% for those found in the 1990s; and the author forecasts the
trendline for current discoveries at around 50%.

37

For more information on Palisade’s @RISK software, go to http://www.palisade.com/risk
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A similar trend is also seen in terms of the conversion rate for contained metal. As shown in
Figure C4 (Part B) ten years after discovery, 88% of the gold found in the 1980s was being mined,
versus 61% for that found in the 1990s and only 48% for that found in the period 2000-16.
Extrapolating the data out suggests that, after 40 years around 99% of the gold discovered in the
1980’s will have been developed. This drops to around 90% for those found in the 1990s; and the
author forecasts that in terms of contained metal the trendline for current discoveries will
around 85%.

Figure C4 Cumulative percentage (over time) of the number of Australian gold
discoveries and contained gold that gets developed - broken down by decade
of discovery

Of concern to industry is the fact that it is getting progressively harder and slower to
convert a discovery into a mine. Going forward, the study assumes that 50% by number
(and 85% by contained metal content) of all future gold discoveries will be developed.
In practice, the likelihood of development will be influenced by the size and grade of the deposit
- with small/low-grade deposits less likely to be mined than large/high-grade deposits. These
adjustments were incorporated into the model.
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The likelihood of development is also influenced other factors – such as social and environmental
issues, mining & metallurgical problems, local availability of infrastructure and the financial &
technical capabilities of the owner. Based on the author’s local knowledge of each project an
assessment was made of the overall likelihood of development, using the following definitions:
Likelihood
Very Unlikely
Unlikely
Possible
Probable
Very Likely
Committed

Estimated Probability Range
10-20%
20-40%
40-60%
60-80%
80-90%
100%

These general probabilities and uncertainty factors were used in the project model on a case-bycase basis.
It should be noted that the above analysis ignores the impact of changes in the gold price on the
likelihood of development. Intuitively, one would expect that higher commodity prices will help
improve the chances of a marginal project being developed. In practice, this may not be the case.
As shown in Figure C4, as the commodity price rises over the business cycle, costs quickly follow
in lock-step. The end result is that there is only a limited window of time where a marginal project
is economically viable. Consequently, it is argued (by McCuaig, 2009) that marginal projects
should be viewed to be “once a dog, always a dog”.
Given the above, the effects of changes in gold price on the likelihood of a given project being
developed can be largely ignored – though, as will be discussed below, it will influence the timing
on when a project is developed.
Figure C4: Economic viability of a marginal project over the business cycle
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Estimated Delay between Discovery and Development
The next step was to determine the likely number of years delay between discovery and
development.
The trajectories of 155 new mines charted in Figure C4 were be used to determine the speed at
which mines are developed. The forecast is that, of those deposits (by number) that are
developed – the first half will be developed within 6 years of discovery, and the second half
within years 7 to 40. The overall weighted average delay period is around 13 years38.
Similar figures apply to the total contained metal.
The delay period for developing a mine is also influenced by the quality of the deposit. For
example, an analysis of the historical data shows that high grade deposits are twice as quick to
develop as low-grade deposits39 (4.1 versus 8.1 years). With regard to other factors, underground
mines took slightly longer to develop than mixed-type and open pit mines. The author found that
no correlation between deposit size and delay period.
These project delay curves (adjusted for grade and mining method) were incorporated into the
project model.
It should be noted that delay curves refer to the time between discovery and development. With
regard to existing projects the “delay clock” has already started. In some cases the project is
already 20+ years old. This begs the question – will this project ever be developed? And if so,
what should the adjusted delay time period be?
Many of these projects have good reasons for remaining undeveloped – namely poor economics,
lack of infrastructure and financing difficulties. For purposes of modelling, it is assumed that the
delay clock has been effectively reset back to zero. The author has assumed an arbitrary
deduction of 2 years on the delay period for time saved for drilling done to date. As a further
finesse, a minimum start date has set for each project. This was based on local knowledge of each
project.
The model also includes an adjustment factor for project economics. In detail, it is assumed that
the project will only be developed if it experiences three consecutive years where the gold price
exceeds the incentive price required to fund the project. The incentive price is based on the cash
operating cost of production plus a capital recovery charge, which is based on achieving a 15%
pre-tax real rate of return40 on the capital cost of building the mine.

38

i.e. in statistical terminology, the “Median” delay period is 6 years, and the “Mean” delay period is 13 years.
“High-Grade” was defined as those open pit deposits containing >2 g/t Au or underground deposits
containing >8 g/t Au. “Low-Grade” was defined as open pit deposits with <1 g/t Au and underground deposits
with <4 g/t Au.
40
This is roughly equivalent to a 10% real rate of return after-tax.
39
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Methodology for Modelling Production from New Discoveries

It almost goes without saying that forecasting production for mines that are yet to be discovered
is a highly speculative and uncertain endeavour. Notwithstanding this, leaving them out of the
study will result in a significant under-reporting of the likely future size, structure and
importance of the mining sector to Australia’s economy.
The following steps were used to forecast the likely level of production from future gold
discoveries.
1. Forecast the likely future gold price over the study period, and from this;
2. Determine the likely level of exploration expenditure for gold.
3. Based on past trends in unit discovery costs per ounce, make a projection of the likely
future trend in costs over time, and by combining steps 2 and 3 together;
4. Calculate the likely average amount of gold likely to be discovered each year (for
example, if the industry spends $700m on gold exploration in Year X and unit discovery
costs are (say) $70/oz then, on average, 10 million ounces of gold will be found in Year X
5. Assuming a given size-frequency distribution for gold deposits (which reflects that
found in the past) determine the likely number of deposits found in each given year for
each given size (i.e. for each 1 giant gold deposit found, XX major and YYY moderatesized deposits will also be found; collectively their contained ounces must add up to the
total ounces forecast to be found in the given year).
6. Based on the historical distribution of tonnes and grade, estimates are made of the likely
size (in Mt of ore) and grade of the new discoveries.
7. Projections are made on the likely trend towards finding deposits under deeper cover
(many of which will be developed as underground mines), and then based on the
estimated forecast size, grade and mining method used;
8. An estimate is made of the probability that the discovery will be developed; and
assuming that it is developed;
9. An estimate is made of the likely delay between discovery and development;
10. Based on the likely size of the deposit and the mining method used, estimates are made
of the likely mining rate (i.e. bigger deposits have higher mining rates) and;
11. Using the predicted grade of the resource, and factoring in the likely dilution & mining
losses and processing losses, estimates are made of the likely mount of gold produced
each year; and based on the predicted size of the resource (calculated in step 6) and the
estimated annual mining rate (calculated in step10); and from this;
12. Estimates are made of the mine life in years. This figure assumes that only a certain
percentage of the total resource is converted into mineable reserves, and finally;
13. The annual production of each of the individual deposits are added up to determine the
likely overall metal production for the industry.
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It should be noted that many of the inputs and assumptions used in steps 8 to 13 of the exploration
model are the same as that used in the project and mine models. The key exceptions are:








No adjustment has been made to the head grade mined due to year-on-year changes in
the gold price. This was because the model doesn’t calculate the likely cash and full cost
of gold production for each project. This simplification means that the exploration model
doesn’t capture industry’s various responses to low prices – namely high grading the
deposit or temporarily putting the mine on care & maintenance while waiting for prices
to improve. Nor does it capture the effect of project delays while waiting for the gold price
to exceed the incentive price.
No adjustment is made for the resource to grow over time. It is assumed that the size of
the discovery calculated in step 5 is based on the true/ultimate size of the available
resources.
No adjustment has been made for possible situations where the mine may be put on careand-maintenance during times of low gold prices.
No adjustment was made for future mine expansions.
The forecast discoveries were limited to primary gold deposits only. In practice, some byproduct gold will be produced from new base metal discoveries.

These exceptions were done to keep the model simple. The overall effect is that the level of
uncertainty in the reported forecast may be under-estimated.

Forecast Exploration Expenditures
As a general rule, the level of exploration activity tends to move up and down in response to
changes in the commodity price. Other factors include a time delay (between the price and
resulting expenditure), price volatility (as measured in terms of year-on-year change in the
relevant commodity price) and financial capabilities (as measured by the amount of cash /
discretionary revenue available to the Company to spend on exploration). Based on 30 years of
historical data for Australia, a multi-factor regression algorithm was developed to forecast the
likely future level of exploration expenditures for all commodities. As shown in Figure C5, the
algorithm gives a good prediction – with an R2 of 0.82. The resulting “mean” (or average) forecast
for mineral exploration in Australia (broken down by commodity type) over the next forty years
can be seen in Figure C6.
The forecast expenditure and range shown in Figures C5 and C6 are based on the long run
commodity prices and uncertainties given in Table C1 and Figure C1. It suggests that, on average,
annual expenditures are expected to bottom-out in 2018 at around $1.35 billion; after which it
will steadily increase over the next three years to $1.88 billion in 2021 before slowly declining to
$1.82 billion by 2057. However, it should be noted that in 2057 there is a 90% chance that the
actual figure will fall between $1.17 and 2.58 billion.
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Figure C5: Actual and forecast exploration expenditures for Australia: 1985-2055

Figure C6: Actual and (mean) forecast exploration expenditures for Australia by
commodity: 1985-2055
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It should be emphasised that these figures refer to the mean-values only, and that the actual
results for a given year are highly uncertain. A sense of the likely range of possible expenditure
outcomes can be found in Figure C7 – which shows the results of nine randomly selected
commodity price scenarios. The spread of possible outcomes is very broad – ranging from strong
growth in exploration expenditures over the next decade, through to the opposite situation of an
indefinite extension of the current recession.

Figure C7: Examples of possible scenarios for exploration expenditures in Australia

As indicated in Figure C8, the model estimates that mean expenditure on gold exploration will
remain fairly constant at current levels over most of the forecast period. In 2057 there is a 90%
chance that the exploration spend will be in the range of $475 to $882 million, with a mean of
A$677 million.
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Figure C8: Actual versus predicted and forecast exploration expenditures (for gold)
for Australia: 1985-2055

Forecast Unit Discovery Costs
Figure C9 shows the trend in the unit discovery cost for gold in Australia over the last forty years.
As can be seen, based on reported discoveries unit costs have risen dramatically – up from $28/oz
in 1985 to over $150/oz from the mid-2000s onwards. In practice the actual cost will be less –
as it takes time for companies to report and fully drill-out their recent discoveries. Based on past
experience, estimates were made on the likely amount of unreported gold found in the last
decade. This lowers the unit discovery cost to around $50/oz for the period 2013-16.
The large swings in discovery costs are due to a range of factors. In detail, the recent commodity
boom resulted in short-term higher costs for drilling and geologists41. These costs have largely
now been unwound when the business cycle moved into the down-phase. Overlain on this are
long-term structural factors – such as the increased cost and difficulty in exploring under
progressively deeper cover in a mature jurisdiction like Australia. Other structural factors include
increased regulatory compliance and additional costs associated with meeting social and
environmental needs.
Projecting forward, the author assumes that the unit cost of finding gold will progressively rise
by $10 per decade, from a starting value of A$70/oz in 2017. This suggests that unit discovery
costs will be around $78/oz in 2025 and $110/oz in the year 2057.

41

Over the period 2000-2012 the average cost of running an office, hiring a geologist and drilling a hole
more than doubled in real terms. Consequently, it should not come as a surprise that the unit cost of
discovery also doubled over the same time period [Schodde, November 2013].
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Figure C9: Historical and projected future unit discovery costs for gold in Australia

Forecast Amount of Gold Discovered
Based on this cost forecast (of A$110/oz in 2057), coupled with the exploration expenditure
forecast (of $677m in 2057) the likely amount of gold found in 2057 is estimated to be
(677/110 =) 6.3 million ounces.
After adjusting for uncertainty in the likely level of exploration spend, unit discovery cost, and the
likely number and size distribution of the deposits found (see next section for details) modelling
found that there is a 90% chance that amount of gold found in 2057 will vary between 0.6 and
16.1 Moz. The very wide range of modelled results is consistent with industry’s past performance
– which consists of extended periods of modest success interspersed with the occasional giant
discovery.
The above methodology was used to forecast the likely amount of gold found each year out to
2057, with the general trend in results shown in Figure C10. The gradual decline in the amount
of gold found is the result of the gradual increase in unit discovery costs over time, coupled with
no real change in the overall level of exploration expenditures.
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Figure C10: Historical and forecast amount of gold discovered in Australia: 1995-2057

Likely Size Distribution of Deposits Found
Figure C11 shows the number, size and discovery dates of 230 primary gold deposits (containing
more than 0.1 Moz) found in Australia over the last forty years. As can be seen, most of the
discoveries were relatively small in size (typically less than 1-2 Moz in size). It is significant to
note that no deposits >10Moz have been found in the last decade – though it is expected that with
further drilling at Tropicana this deposit may ultimately reach this threshold.
Figure C11: Size and discovery date for primary gold deposits (>0.1 Moz) found in
Australia: 1975-2014
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Figure C12 plots the size-frequency distribution of these discoveries. It is worth noting that, over
the size range 0.1 to 10 Moz, the general shape of the curve for the last decade (2005-2014) has
the same angle of slope to that seen over the previous four decades (1975-2014). From this, the
following general rule can be applied … for every one deposit found >10 Moz, industry will also
find two deposits >5 Moz, 11 deposits >1 Moz, and 40 deposits >0.1 Moz. The weighted average
size of these 40 deposits42 will be 1.17 Moz. As will be discussed later, this rule can be used to
predict the likely size distribution for future discoveries.
A key assumption made in the exploration model is that no future discoveries over the forecast
period will be >10 Moz in size. In other words, the available inventory of these giant deposits has
now been exhausted43. Conversely, the model assumes no exhaustion/depletion in the number
and relative size of available deposits that are <10 Moz in size.44

Figure C12: Cumulative Size-Frequency of primary gold deposits found in Australia

42

The 40 deposits will be made up of 1 deposit >10 Moz , plus 10 deposits in the 1-10 Moz size range and
29 deposits in the 0.1-1 Moz size range.
43
This assumption may be unduly pessimistic – in that very little effective exploration has been carried
out in Australia below 200 metres of cover. Consequently, there may exist >10 Moz deposits at depth.
44
It is recommended that, in future work, sensitivity studies be carried out on the effect of changes to the
shape of the Cumulative Size-Frequency curve on the future production levels for the industry.
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Given all of the above, it is possible to predict the likely number of deposits found in a given year.
In the case of gold, assuming (say) an exploration expenditure of A$680m in 2025 and a unit
discovery cost of A$78/oz, then, on average, 8.7 Moz will be found. Based on the cumulative sizefrequency curve for gold, the weighted average size of a deposit found will be 1.17 Moz.
Consequently, on average, (8.70/1.17 =) 7.5 deposits will be being found in 2025. These deposits
will range in size from 0.1 Moz through to a maximum of 10 Moz.
The exploration model was set up to disaggregate these discoveries into 12 separate bins – each
with their own given size range. Within each bin, slots were available to assess and model the
outcomes over time for up to ten separate discoveries in any given year45 . Table C2 gives details
of the size ranges used for each bin, as well as the likely frequency of the discoveries. For example,
in the 1.0-1.5 Moz size range (Bin 7) the model calculates that, on average, 0.37 deposits will be
found in the given year and, if found, it will have weighted average size of 1.22 Moz. It assumes
that there is a 69.3% probability that no deposits will be found, and a 25.5% chance of one deposit
being found. It also assumes a 4.4% chance of two deposits being found. There is also a small
chance (0.8% and 0.1% respectively) that three or four deposits in this size range will be found46.
Adding these probabilities together results in a 30.8% chance of finding at least one deposit in a
given year. The weighted average or “mean” number of discoveries per annum in the 1.0-1.5 Moz
size range is 0.37. This roughly translates into discovering one deposit in this size range every
three years.
When the numbers are added up for all 12 Bins, the model predicts a wide range in the likely
number of discoveries – varying from a 0.5% chance of finding zero deposits through to 83%
chance of finding 4 or more deposits in the year in the size range 0.1 to 10 Moz (see Table C2).
The trend over time for the mean discovery rate, and the associated Confidence Intervals are
plotted in Figure C13. Modelling indicates that there is 90% chance of finding three to seventeen
new deposits in 2025, with a mean of 7.5 discoveries. The corresponding figures for the likely
amount of metal found are - a 90% chance of finding between 1.4 and 21.0 Moz, with a mean of
8.9 Moz (see Figure C10).
The very wide range of results is not surprising and reflects the episodic nature of exploration;
namely that most discoveries are small in-size and giant discoveries are rare and unpredictable
events – and then they do happen they accordingly skew the statistics. The challenge is that these
rare giant deposits are very valuable and extremely important for the long-term sustainability of
the industry.
The final step in the analysis was to assign a probability function to overall size of each given
discovery within each size range (or Bin). For example, in a deposit is found in the size range 1.01.5 Moz, the model then randomly assigned a specific size within that range. In detail, the
associated probability function assumed a log-normal size distribution.

45

In practice, when the model was run, it was found that typically only 3-6 of the 10 slots were filled with
discoveries. This avoids the risk of an “overflow” in the model cause an under-reporting in the potential
number of discoveries.
46
The probability function is based on a Poisson distribution.
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Table C2: Likely Number of primary gold deposits found (by size range) in 2025
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Figure C13: Historical and forecast number of gold deposits found in Australia: 19952057

Likely Grade of Deposits Found
The previous section explained the methodology used to predict the number and size (in Moz) of
the deposits found. The next step is to predict the likely grade of these deposits; once we have
this, it is then possible to calculate the likely tonnes of ore contained.
A detailed analysis of gold discoveries made in Australia since 1975 found that, as a general rule,
underground mines have higher grades than open pit mines and that (for a given mining method)
smaller deposits tend to have higher grades47. Figure C14 shows the observed grade distributions
for 124 open-pit gold deposits. A set of smoothed trend-lines (or probability distribution
functions) were then fitted to the data. Using the same methodology, a similar set of probability
distribution function curves were generated for the mixed and underground deposits. The
resulting functions were then used in the exploration model to predict the likely distribution of
grades for deposits within each of the 12 Bins.
As an example, assuming that a deposit was found was in the 1.0 to 1.5 Moz size range (ie Bin 7),
and assuming that the deposit will be mined using open pit methods, the model would use the
probability distribution function to assign a unique size and grade the given deposit – (say) 1.20
Moz at a grade of 1.9 g/t. Given this, the model would then calculate the deposit will contain (1.20
x 31.1046/1.90 =) 19.65 million tonnes of ore.

47

It could be argued that the higher grades are due to the need to use a higher cut-off grade to offset the
dis-economies of scale or the mining method used. Notwithstanding this, the empirical relationship still
holds.
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Figure C14: Grade-Frequency curve for open pit gold deposits found in Australia

Likely Mining Method Used
Figure C15 shows the relative number of open pit, mixed and underground gold deposits found
in Australia since 1975. As can be seen, to date, over two-thirds of these deposits are open pits.
With regard to the future mix, the author has notionally assumed a steady shift towards
underground mining – rising from 20% at present to 50% by 2057. This trend is based on the
assumption that the average depth of cover for gold discoveries in Australia will continue to rise
by ~10 metres per decade. Separate studies by the author indicate that, depending on the size of
the deposit, below 50-100 metres of cover the preferred mining method tends to switch over from
open pit to underground.
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Figure C15: Historical and Forecast likely mining method for gold deposits in Australia

Figure C16: Average depth of discovery for gold deposits in Australia: 1975-2014
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Likely Mining Rate
The model assumes that annual mining rate is a function of the mining method used and the
overall size of the resource – and that the latter follows a power law. For example, a 10 Mt deposit
will be mined, as open pit, at a rate of 1.19 Mt per annum. Doubling the resource to 20 Mt of ore
increases the mining rate to 1.81Mtpa (i.e. an increase of 52%). The annual mining rates for an
underground operation would be half that calculated for an open pit. These figures are in-line
with industry experience.
The model also included a probability distribution function for the inherent uncertainty in the
“nameplate” capacity of the mine. This was set to range between +/- 50% of the calculated mean
mining rate.
Two key simplifying assumptions used in the model were that 1) there is no ramp-up in the
mining rate in the early years of operation; and 2) the mine does not increase its mining rate over
the life of the operation – i.e. no mine expansions in later years.
The only exception to the above rule on was the inclusion of a probability distribution function to
capture the effect of unexpected events (both positive and negative) on the mining rate in any
given year for each operation. The aim of this was to capture the random negative effects of
unplanned mine shutdowns due to equipment failure, supply chain interruptions and/or adverse
weather, as well as random positive effects of unexpectedly mining higher grade / easier to
process ore. In detail, the model assumes that in most years the mine will operate at 100%
capacity, but on a randomly-assigned basis metal output in a given year will occasionally drop by
up to 30%. Conversely, there is also a small chance that metal output will be 5% better than
expected. The net effect was a 3-4% reduction in the weighted average annual production versus
the rated “nameplate” capacity of the mine. This figure is in-line with industry experience.

Likely Mine Life
The mine life is a function of the size of the resource, the average mining rate and the likely
amount of ore that is recovered. The methodology for calculating the first two factors is discussed
above. With regard to the likely amount of ore recovered, the model assumes that 50% to 100%
of the resource is mined, with a mean of 75%. This figure is in-line with industry experience and
is consistent with the results generated by the production and project models.
As an example of the calculated mine life of a given discovery; a 10 Mt resource which is mined at
a rate of 1.19 Mt pa and a notional recovery factor of (say) 75% will have a life of around (10/1.19
x 75% =) 6.3 years.
To keep the analysis simple, the effect of changes in the gold price on the head grade and available
resources for the new mines was not modelled.
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Likelihood that a given Discovery will be Developed
Not all discoveries turn into mines. The key drivers will be the quality and size of the deposit. The
same general rules for assessing the likelihood of a known project being developed (see Section
C.3 in Appendix C) were used to assess the likelihood of a given new discovery being developed.
In detail, the exploration model assigned a probability to each discovery that varied according to
its size (within a given Bin) and whether it was a low-, medium- or high-grade deposit (which, in
turn, is influenced by the mining method used). Figure C17 summarises the effect of deposit size
on the likelihood of development. The associated scatter-band is associated with other factors
such, head grade and mining method. As can be seen, it is assumed that larger discoveries are
much more likely to be developed than smaller discoveries. Over the forecast period the model
assumes that 50% of all discoveries (by number) will eventually be developed.

Figure C17: Likelihood that a given-sized discovery will be developed
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Estimated Delay between Discovery and Development
The exploration model uses the same assumptions on the likely delay period between discovery
and development as that set for the project model (see Section C.3). As previously noted, the
delay period can vary between 1 to 50 years – and is driven by the size and quality of the deposit.
A key simplifying assumption used in the exploration model is that the start-up date and
subsequent production schedule for the new mine is not directly affected by changes in
commodity price. In detail, this means that (unlike the production and project models) the
exploration model;




Excludes any provision to defer the mine-start in time of low commodity prices
Makes no adjustment to the head grade and mine life from changes in commodity prices
Does not consider the possibility of putting a mine on care & maintenance

This was done of the basis that (unlike the existing projects) there is no “hard” data available on
the likely capital and operating cost of the new discovery48. This is because the deposit hasn’t
been found yet. Notwithstanding this, changing the commodity price will influence how much
money is likely to be spent on exploration and so, will impact on the total number of deposits
found and developed.
Due to the inherent delays in discovery and construction, only part of the metal discovered will
have been mined during the study period.

In summary, the model assumes that 50% of all discoveries will (eventually) be developed
and that, in terms of contained metal, the results indicate that around 76% of the gold
discovered will be mined. The higher proportion is due to the fact that the larger discoveries,
while less frequent, contain most of the gold found, and these deposits are more likely to be
developed.

48

In any case, as previously discussed the economic viability of a given project doesn’t materially change
over most of the business cycle – i.e. “once a dog, always a dog” (see Figure C4).
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APPENDIX D: LIST OF GOLD MINES USED IN THE ANALYSIS
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Appendix D … continued
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APPENDIX E: LIST OF GOLD PROJECTS MODELLED IN THE ANALYSIS
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