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Baldo
Prokurica

At the start of our government in March 2018, we once again set ourselves the goal of
positioning mining as an engine of economic growth in the country that contributes to
the development of Chilean families.

Mining
Minister

It is precisely along these lines that we have worked with great dedication and taken
stock of the fact that the mining industry is facing new challenges in cybersecurity, the
digitization of operations, the reprocessing of tailings and leaching of sulfide ores, and
also the need to boost productivity and cut the operating costs of Chilean mining.
In this context, and aware of the major technological transformations that this
activity has undergone, which will demand that we develop a Mining Industry 4.0, the
government of President Sebastián Piñera deeply appreciates the progress made in
re-prioritizing the Technology Roadmap for Mining 2.0, or the New Roadmap.
At the same time we highlight the work, efforts and dedication of over 100 people from
40 institutions who participated in this update and review if the challenges that the
national mining industry faces with the aim of determining the priorities or what needs
to be included.
In reviewing this research, we were happy to see the inclusion of three thematic
core challenges, such as new uses of copper, green mining and exploration, which
are evidence of how this document has evolved and adapted to the new needs in the
sector, such as promoting the production of copper with a smaller environmental
footprint or promoting mining exploration to project the industry in the long term.
We congratulate Corporación Alta Ley for leading this Technology Roadmap, which
will contribute toward the benefit of mining sector that is more productive, clean and
respectful of the environment and current regulations, and let it be known that they
have our support to continue moving toward the mining of the future.
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Andrés
Couve
Minister of
Science,
Technology,
Knowledge and
Innovation

The mineral wealth that Chile possesses is a global pillar of innovation and technological
development: from copper, with its varied uses as an electrical conductor and in
construction, to lithium, fundamental to the storage of energy in the batteries that will
feed the new clean technologies. Mining activities are also the foundation of the Chilean
economy and tied to our history as a nation.
Given the importance of these resources for Chile and the world, it is fundamental
that the mining industry's growth go together with the technological transformations
that it has allowed to develop. It is also fundamental that Chilean mining progressively
incorporate research and innovation developed in the country, not just to create
and strengthen capacities that allow them to guarantee the safety and wellbeing of
mining workers, to optimize process chains, minimize water consumption, increase
productivities and to cut costs, but also to add value to our economy. As the mining
process progresses, the mineral resource is gets deeper and becomes costlier to
exploit. Therefore, exploration tools should simultaneously seek to become more precise
and sophisticated. New technologies allow the extraction of material that would not
otherwise be economically profitable.
Above all, the mining industry must develop in an environment of protection and respect
for the environment. This year Chile assumed the presidency of the most important
climate change summit in the world, the COP25, and as a country we have set ourselves
the target of becoming carbon neutral by 2050. The development of our mining industry
must be consistent and as ambitious as these commitments in terms of environmental
matters. With regard to green mining, Chile, perhaps more than any other country, has
a unique opportunity in the world: the deserts of the north have significant world-class
mineral deposits and one of the biggest areas for the production of wind and solar power
to resolve their energy needs to a great extent.
There is a need for updated and pertinent solutions that are aligned with the national
development plan and the Chile that we want to create among all Chileans. This requires
ongoing review and analysis of the challenges that the mining industry faces. In this
sense, the updated Technology Roadmap for Mining provides a new dynamic assessment
tool, fundamental given the speed with which new challenges arise and technological
and social changes occur these days.
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Ricardo
Irarrázabal
Undersecretary
of Mining

Chile is an eminently mining country: the industry contributes 10% of GDP, represents
55% of exports and 18% of foreign investment. This sets us the challenge of continually
enhancing our productivity. One course that offers opportunities to do so is innovation,
with which one can optimize productive processes, manage environmental factors,
personnel and much more.
Building a solid ecosystem in which each stakeholder plays a strategically defined role is
the first step, as it creates foundation and the space appropriate to making innovative
decisions. Unforeseen challenges often arise in the middle of a change process, but it is
precisely the solidity of the ecosystem that allows change and innovation to be managed
in a timely manner.
So, how to build that ecosystem for the mining industry? There are several fundamental
factors. First, we must map industry needs very well, specifying those of the small-,
medium and large-scale mining segments. Next it is fundamental to quickly create
spaces and networks for cooperation among entrepreneurs and those proposing
innovations to match them with those who need them. In the same way, and considering
that, according to Datalab statistics, a mining industry worker presents just 0.02
improvement suggestions per year, it is essential that the industry enhance open
innovation processes. At the same time, academia, as well as the management of human
resources in the sector, must orient
the training of human resources toward the current times, where process automation,
the Internet of Things, robotization, among others, are the trends governing production.
Building this ecosystem, which, incidentally, is in continual flux, facilitates decisionmaking and produces comprehensive and sustained change.
Thus, with the mandate to seek sustainability through innovation in all processes, all of
the sector's stakeholders will continue to cooperate on one of the biggest challenges
that Chilean mining faces today: making the transition from the export of raw materials
to that of knowledge and experience. This is knowledge that future generations must
take advantage of to enhance productivity and in that way safeguard Chile's global
mining tradition.
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Pablo
Terrazas
Executive
Vice President
of Corfo

The mining industry is one of the main engines driving our economy, representing 10% of
the country's GDP and creating jobs and opportunities for many families in Chile.
However, it has faced challenges from multiple factors over the last few years, including
lower productivity compared to other countries. The diagnosis is clear and so are part of
the solutions.
One of the Sebastián Piñera government's main commitments is to make the transition
to the total digital overhaul of the State. But to do this, the private sector must be in tune
with it. The development of new technologies has entailed a significant, albeit at times
complicated, cultural shift in both the public as well as private sectors, but one that is
absolutely necessary.
Along these lines, we see an urgent need to address this important challenge, which
will allow us to strengthen our economy and move toward a positive development of
innovative technological solutions that have an impact on our country's competitiveness
and productivity, at the same time improving the quality of life for Chileans.
It is fundamental that an industry as important as mining get on the bandwagon of
the digital transformation. To do so, we need to identify R+D challenges as well as
opportunities, incorporate more science and innovation tools in processes, and in that
way create technological capacities in the country and be able to continue to expand the
base of our economy hand-in-hand with an increasingly developed industry.
At Corfo, we are aware that there are countless incentives to continue moving forward
with this revolution 4.0 toward a more sustainable mining industry. This will bring
environmental benefits, lower operating costs, more efficient use of energy, increased
safety and quality of work in operations, among others.
In this context, we want to acknowledge the tremendous effort that Alta Ley has
been making and its work to foster the development in R+D+i throughout the mining
value chain, in addition to strengthening and promoting public-private sector
cooperation in this area.
There is no doubt that this new version of the Technology Roadmap for Mining will help to
find innovative solutions to address the problems that the sector currently faces and to
make progress toward the development of new technologies for a more sustainable and
forward-looking mining industry.
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Diego
Hernández
President of the
National Mining
Society

The Technology Roadmap for Mining 2015-2035, published in 2016, has become a
reference for the implementation of collaborative projects in mining innovation and
entrepreneurship. Given that this is a living process, the updated version presented here is
of the utmost importance for the country's development.
Sonami appreciates the public-private dialog that has once again been produced in the
mining sector ecosystem to update the Roadmap, which will allow research and innovation
efforts in the sector to be coordinated with a long-term perspective. At the same time,
dialogue constitutes a genuine social innovation, which not only identifies the specific
long-term challenges that could be translated into a high-potential R+D+i portfolio, but also
guides the public policies that the sector requires.
In this updated version of the Roadmap for Mining, we want to highlight the inclusion of two
new core challenges (Exploration and New Uses of Copper), in addition to a new enabling
core (Green Mining). This last core is challenge closely related to the effort that the mining
industry is making to cut its greenhouse gas emissions through energy efficiency and the
search to substitute fossil fuels, among others.
Chile has all of the conditions to enhance the mining industry as the main engine of
technological innovation and an articulator of productive chains. Achieving this goal
requires enhancing research applied to mining sector problems, strengthening R+D
capacities in mining and fostering the development of knowledge- and technologyintensive suppliers. The version 2.0 of the Technology Roadmap for Mining is a major
contribution to this task.
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Joaquín
Villarino
Executive
President,
Consejo Minero

The challenge of incorporating new technologies is not a task that we have taken on only
recently as an industry. Their inclusion has been part of the mining industry's growth for
decades,. Their benefits can be seen both in the optimization of processes as well as in
the increased efficiency, sustainability, competitiveness and inclusiveness. The progress
made in this area has also led to an increased uses for minerals, which is reflected in the
role that copper has been playing in the health sector and the textile industry - given its
antibacterial properties - and more recently in the development of electromobility and
energy storage.
While their incorporation has been beneficial to the industry, it has also opened a debate
on labor matters that we cannot ignore. There is a certain fear and myths suggesting
that technology will take away jobs, with machines replacing people. It is important to
clarify that the mining industry has not made such affirmations. Rather, it has said that
the training of current and future workers will be adapted and updated, a matter that the
Mining Skills Council (CCM) has been analyzing for the last seven years.
The industry has never been indifferent to this matter. Early last year the CCM submitted
a preliminary study entitled "Impact of new technologies on the skills required by the
industry", in which it described the changes that the uptake of new technologies will
work on the skills required by the industry. We also discussed this issue in our annual
seminar "Automation and Technology: opportunities and challenges", where the Harvard
economist Geoff Colvin commented on how companies and people must adapt to an
increasingly technological world. The conclusions that the CCM has reached as well as
the lessons learned from our seminar agree on the idea that it is fundamental to have
adequate training that is in line with the progress made to incorporate more innovation.
Experience has taught us that every challenge the industry has faced must be
addressed in a collaborative manner and always with a short-, medium- and long-term
perspective. This is precisely the virtue that has characterized the Roadmap since its
inception. The first one challenged us to move toward a more sustainable industry and
work collaboratively to overcome certain shortcomings; today it calls on us to be ready
for technological transformations, in a joint work by over 100 people and 40 different
institutions. At Consejo Minero we highlight the work that is being done and support the
initiative of updating its contents will be updated more regularly. The mining industry
requires it and so does the country's sustainable development.
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Andrés
Costa
President
Minnovex

Pascual
Veiga
President
Aprimin

The process of updating the Roadmap has been a very valuable one, both because
of the cooperative experience, which allowed the perspectives of different industry
stakeholders to be brought together to address the challenges of a mining industry in
constant change, in addition to the opportunities this creates for suppliers, especially
local ones, to get to know the real problems and how to target the development of
their technological solutions. We hope that the Roadmap will soon have financing
mechanisms to be executed with public and private support.

At Aprimin we strongly support the institutional consolidation of the Alta Ley
Program through structure and capital of the CIMM, which allows us to better develop
innovation capacities. Innovation, which mainly has to do with mining sector suppliers,
is precisely the essential challenge to be overcome for the advancement of the
country's competitiveness and the sector's sustainability. In this sense, the Technology
Roadmap for Mining is an important tool to support this national objective.
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Ramón
Rada
Director of
the Chilean
Institute of
Mine Engineers
(IIMCH)

Javier
Ruiz del
Solar
Executive
Director,
Advanced Mining
Technology
Center

The Chilean mining sector's professionals are its true wealth. The Chilean State
created the Center for Mining and Metallurgical Research, CIMM, 50 years ago as a
national response to the need for technology transfer, stronger skills and to adapt
international best practices to our industry. Today Corporación Alta Ley is a legacy and
inheritance of that effort, excellence and hard work that gave us the conditions as a
country to become a different global mining market. This Technology Roadmap 2.0 for
Chilean mining acts as a sentinel beacon that guides and orients the development of
public policies to achieve and overcome current demands for the sustainability of the
national mining industry.

One thing that is fundamental to boosting the technological development that the
mining sector requires and, in that way, fulfill its goals is for the industry to have
universities and research centers as permanent allies. That is where the knowledge
and applications that lead to the technical innovations that drive mining are created.
These capacities situate academia as an important stakeholder capable of providing
solutions to many of the sector's growing needs. In this context, this updated version
of the technology is not only timely, but also essential. Meanwhile, Chile must remain
at the forefront of the global mining industry in terms of efficiency, safety and
environmental responsibility, the technological development goals and ways to reach
them must be subject to continual review. From the academic and scientific sector,
the AMTC will continue to be an effective partner to achieve the new goals.
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Mauro
Valdés
Executive
President of
Corporación
Alta Ley

We had one clear purpose when we started the Alta Ley National Mining Program
in 2015: to accelerate Chile's transformation from a mineral producing country to a
mining industry exporter. To do so we had to articulate stakeholders from the public
and private sectors, overcome political and ideological barriers and reach a common
vision of what the country needs to maintain the competitiveness of this productive
sector while at the same time turning it into a lever of development for our country.
The first milestone was the publication of the first version of the Technology Roadmap
for mining in 2016, which charged a clear consensus-based course to address the most
important challenges of copper mining industry to maintain our position as a global
leader and to develop the technology, entrepreneurship, innovation and cooperation to
make us more competitive, not just in mining, but in all of the things that we learn and
resolve, with the products that we create along the way.
Today, as we see new generations strongly calling for immediate action to reduce the
environmental impact of all economic activities, nobody doubts any longer that this
is the right path and that it must be accelerated and deepened. This new version of
the Roadmap takes note of this: it is a living document that must evolve along with
the new challenges we face as a society and as an industrial sector. Thus, while the
original Roadmap identified the most expensive electric power in the continent and
of all mining countries as the main challenge, today renewable power generation has
opened up an enormous space for innovation to lower the costs of this key input for
the activity, in addition to populating the interface between mining and solar, wind or
geothermal energy with R+D+i. For this reason the 2019 Roadmap, which was drafted
in a participatory manner with all stakeholders in the ecosystem, strongly indicates
the opportunity entailed in lowering the emissions of the mining industry and green
mining in general, if we add other sustainability aspects where Chile is already a
recognized global leader.
After four years at the head of this project, and as my term as executive president of
Alta Ley comes to an end, I leave with the conviction that the future of mining is not a
dilemma between industrial investment and the environment or between productivity
and sustainability. None of these dimensions excludes or contradicts the others. These
are two sides of the same coin in the modern mining industry and the Chilean copper
industry has said as much on multiple occasions. The Chilean mining sector as a
whole, with its public and private sector actors, industries, academics, entrepreneurs
and citizens, has made a definitive bet on combining sustainability, knowledge,
technology and innovation with investment, growth and productivity, something that
is crystallized in the Roadmap and the projects that it endorses and promotes. And it
could not be any other way: in the era of "purpose" as fundamental to the formulation
of any business strategy, the technological and industrial revolution that we are going
through presents us with a surprisingly advantageous context for combining progress
in mining with a larger purpose, that of leveraging Chile from a natural resources based
economy to a knowledge economy.
There will not be any electromobility without copper and lithium mining, nor will there
be plausible technological progress or renewable energy without minerals to develop
them. In this scenario, innovation is not a plus, but rather the industry's oxygen. For this
reason, we invite all stakeholders in the mining innovation ecosystem, and especially
those developing entrepreneurship and emerging technologies, to contribute to this
change and to channel this new version of the Roadmap for Chilean Mining together. An
intelligent, inclusive and sustainable mining sector.

foreword
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Foreword

The Corporación Alta Ley is a nonprofit institution created under private law and
is born of the merger of the Alta Ley National Mining Program (a public-private
initiative promoted by Corfo and the Ministries of the Economy and Mining) and the
Center for Mining and Metallurgical Research (CIMM). Its purpose is to contribute to
the development of a science and technology-based goods and services industry to
address the mining industry's productivity and sustainability challenges with a strong
focus on improving the industry's competitiveness.
The Chilean mining industry currently faces several challenges arising from declining
ore grades, greater mine depths, increased impurity contents in concentrates and
increasing environmental regulations, among others, which lead to rising costs in
productive processes and lower productivity. On the other hand, there are increasing
opportunities and technologies on the national and international levels for the
decarbonization of the energy matrix, the efficient use of water resources and energy,
recycling of the industry's waste and workers' safety.
In this context, the Alta Ley National Mining Program developed the Technology
Roadmap for Chilean Mining 2015-2035 to indicate the main challenges that our activity
faces to the innovation ecosystem and its actors, as a way to guide their efforts,
promote collaborative work among the mining companies themselves and their shared
challenges, and to ultimately support the State for the investment of public funds in
innovation and development so that researchers, suppliers and entrepreneurs can
focus their efforts on these challenges and in this way develop a world-class innovation
ecosystem that supports a world-class Chilean activity, such as our mining industry.
Under the auspices of this Roadmap, a series of programs and projects were
developed to address some of the mining industry's challenges in productivity and
sustainability and with participation by suppliers, the industry, academia and the state.
The purpose of these programs and projects is to address the most urgent challenges
of the Chilean mining industry and at the same time to generate the technical,
business and collaborative capacities to drive the development of the national
innovation and entrepreneurship ecosystem while strengthening associativity between
the various stakeholders involved.
The following initiatives are among the most important ones developed under the
Roadmap: Pilot Testing Centers, Open Innovation Platform for Mining-Expande,
Transfer Platform for Technical Training in Mining-Eleva, Dam Program, Processing and
Recovery Project for Elements of Value in Mine tailings, Mine Interoperability Program
and the Hydrogen Projects for the Substitution of Fuels in Mining Trucks and Mobile
Mining Equipment.
The new scenario that we are faced with, marked by global megatrends that are
emerging with force and the need to turn mining into a sustainable industry, led us to
engage in a profound analysis and to reprioritize this Roadmap with the purpose of
developing new high-impact collaborative projects aimed at increasing the industry's
productivity and sustainability. Thus, the idea of drafting a Roadmap 2.0 emerged, a
document whose main novelty is the incorporation of three new core challenges: new
uses of copper, green mining and exploration.
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But to achieve this goal of developing a vibrant ecosystem, and with an impact, it is
fundamental to have technology-based companies supplying the mining industry that
contribute to improving the competitiveness of the national industry and create the
conditions to speed up the diversification and sophistication of our economy through
the creation and export of mining-related goods, services and technologies. In this
context, mining companies play a vital role in generating the necessary traction to
develop supplier solutions that help to resolve and address the challenges they face,
while for their part suppliers must capitalize on the lessons learned, the knowledge and
capacities gained, to enable their accelerated growth and the export of such goods,
services and technologies to the international industry.
Mining can be an engine of innovation in the country and it urgently needs to
incorporate technological development in its activities. Only in this way will we be
capable of achieving the ambitious goals that we set for the mining sector by 2035:
an annual of 7.5 million metric tons produced; 80% of production in the first quartiles
of global industry costs; 250 world-class suppliers and US$4 billion in mining-related
goods and service exports.
This revised Roadmap is aimed at taking stock of the main technological advances
of recent years, the new challenges that society itself demands due to the powerful
contextual changes we face - especially related to a more inclusive and sustainable
economy - and to address the new technological developments that reflect the
growing maturity of our innovation ecosystem. We invite you to be part of these pages
and to continue moving in a collaborative and coordinated way toward the construction
of a better mining industry for a better country.
It should be noted that some core challenges and R+D initiatives remain in force and
have only been partially modified with respect to the original version of the Roadmap.
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Chile and the challenge of renewing copper resources and reserves
Chile continued to be the world's largest copper producer in 2018, with a 28% share of
global production, followed by Peru and China with 12% and 7%, respectively.
By producing company, Codelco is in first place in terms of fine copper production,
with a total of 1.8 million tons a year.

Indonesia 3%

Kazakhstan 4%

Australia 5%

Zambia 5%

USA 6%

D.R. Congo 6%

China 7%

Peru 12%

Others 24%

Figure 1_ Main producing countries of mined copper
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Source: Cochilco (2019)

Chilean production has remained relatively stable at around 5.5 million tons over the
last 15 years. However, its share of global accumulated production has progressively
declined since 2004, when it peaked at 36.9% of global production of the metal. In this
context, Peruvian mining has significantly increased its share, rising from 8.1% to 12%
in the same period1.
Chile’s proportional share of global mined copper production has declined, due to a
decline in the development of new projects and a lower ore grade due to the prolonged
exploitation of mines.

1

Cochilco - Current outlook of exploration and financing, 2015.
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Mining Exploration
Mining exploration is aimed at the discovery of new mineral deposits or the expansion
of deposits that have already been discovered. The former is usually called greenfield
exploration while the latter is called brownfield.
In both cases it is the first link in the industry's value chain, to the extent that
the objective is to identify new sources of resources that producers can exploit
economically.
Mining exploration is a high-risk activity, given that significant is investment needed
to identify new deposits and the odds of finding one that is economically viable to
develop are relatively low. In this regard, there are authors who have calculated that the
probability of success in a jurisdiction like Chile is 1:1,0002.
Of the types of mining exploration, greenfield is significantly riskier than brownfield,
because the evidence of the existence of a deposit is much less obvious than that
which can be found in deposits that were previously discovered and are expanding.
The earliest stage of exploration is known as grassroots and its main feature is that it is
a large-scale exploration of a significant area of land and with very little impact on the
ground. This type of exploration begins blindly, in total ignorance of the existence of a
deposit or not. Subsequently, more advanced stages are based on certain geological
findings that suggest the presence of a deposit. The more indications there are of a
deposit, the more the project advances and, therefore, its risk declines.
Given that mining exploration is what adds new resources and reserves to be exploited,
it is of critical importance to the sustainability of the mining industry in our country.
Considering the high degree of investment required and the high risk entailed due to
the low probability of success, the industry requires incentives and reduction of entry
barriers to boost exploration.

2

Richard Schodde, MinEx Consulting, 2015.
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Chile and the search for new deposits
According to data from the US Geological Survey (USGS), Chile currently has 21%
of known copper reserves, which is an important advantage as a destination for
exploration investment for this mineral compared to competitors. However, there
is an urgent need to improve and modernize conditions to take advantage of these
advantages.
Improving these conditions involves implementing public policies aimed at adding
dynamism to the mining exploration market, especially greenfield, in addition to
those which promote the use of mining claims, their circulation, and the acquisition,
publication and use of geological information, among others.
A fundamental aspect for the economic sustainability of mining activity is the
industry's capacity and that of the state to replenish the resources that are extracted.
While mining resources are not renewable, there is the potential to discover new
deposits, which are rarely exposed and therefore require expensive and complex work
to be discovered. In this sense, exploration, especially greenfield, is fundamental to
guaranteeing the sustainability of the mining business3.
Global and Chilean exploration budgets
Exploration costs are sensitive to metals prices and would appear to be intimately
linked to their cycle. This is not an ideal situation, as mining exploration is an industry
whose results are produced in the long term and the decisions associated with it
should therefore not be influenced by the short-term vision of the metals cycle.
After four years of continuous decline in global spending on mining exploration
for non-ferrous metals4, the industry once again showed signs of recovery in 2018,
with estimated spending of around US$10 billion5, a 21.6 % increase over 2017 and
confirmation of the cyclical nature of exploration investment and that it is in line with
the trend in metals prices.
In addition, in 2018 Chile increased its proportional share of brownfield exploration,
which has been rising since 2011 and continues to surpass basic or greenfield
exploration. This is evidence that exploration firms are less averse to risk, which is
higher in the early stages of a mining project and in greenfield prospects6.

3

From Copper to Innovation: Technology Roadmap 2015-2035. First Edition 2016.

4

The non-ferrous metals covered by the study include gold, base metals, metals in the platinum group, uranium, rare earths,
materials for batteries and potassium compounds. The estimates do not include aluminum, coal, iron ore, oil, gas or industrial
minerals.

5

This estimate (in nominal US$) corresponds to the total spending on mining exploration for non-ferrous metals, which differs
from the estimated total exploration budget of US$9.62 billion (equivalent to 95% of the total).

6

Minería Chilena, March 2017.
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Graph 2_ Evolution in global exploration costs
and annual index of metals prices
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Regarding distribution by type of mining company, the so-called majors, or large
mining firms, continue to be the most relevant actors, with 52.0% of the global budget,
which for 2018 also represented a 15.9% increase over the previous period7.
For their part, junior companies increased their share from 28.2% in 2017 to 32.0% in
2018, with a 37.6% budget increase.
Canada and Australia are the countries that concentrated the largest exploration
budgets worldwide in 2018, with a 15% and 14%, respectively. Latin America remained
the most attractive region, with 28% of exploration budgets.
In terms of global exploration budgets associated with the search for copper deposits
in 2018 (a total of US$2.073 billion), Chile was the main destination and concentrated
close to 18% (US$385 million), followed by Peru and Australia.

7

Cochilco. Census of exploration companies, 2018.
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Graph 3_ Global spending on exploration for cooper deposits
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The mining exploration budget in Chile fell to US$576.2 million in 2018, down by US$27
million compared to the year before. However, Chile positions itself among the most
important countries again, ranking sixth in global exploration spending.
Graph 4_ Evolution in global exploration spending
and Chile's share
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The largest share of the 2018 budget was allocated to the advanced exploration stage
(US$239.4 million; 42%), followed by basic exploration (US$178.2 million; 31%) and,
lastly, exploration "in the mine" (US$158.6 million; 27%).
The budget allocated to basic exploration in 2018 was up 40.7% compared to 2017, while
"in the mine" was down by 15.2%. Advanced exploration also registered a 23.7% drop.
Graph 5_ Global spending on exploration (Millions US$)
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If budgets are analyzed according to their exploratory focuses, in Chile the search for base
metals continues to predominate, with 66.8% of the 2018 budget allocated to that area.
Copper predominates this group and receives almost all of this investment. Gold is the
second metal, with 31.4%. A far smaller percentage is invested in zinc prospects and the
remaining percentage can be attributed to a mixed group of other resources like silver,
molybdenum, rutile and lithium. It should be noted that exploration budgets for copper
were down in 2018 (-6.3%), while budgets allocated to gold prospects were up (5.9%) 8.

8

Sernageomin. Mining Claims, (2017)
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Graph 6_ Distribution of exploration spending in Chile
by exploratory focus
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The list of the 10 companies with the largest exploration budgets in 2018 is led by the
Chilean company Antofagasta Plc (AMSA), with 18%, followed by Gold Fields with 13%,
Anglo American Plc with 9%, the state-owned Codelco with 6%, and Canada's Barrick
with 5%. Gold Corp's debut in the ranking of the top 10 companies also stands out9.

9

Sernageomin. Mining Claims, (2017)
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Graph 7_ Proportional distribution of 2018 exploration budget
in Chile by company

Source: Cochilco (2019)

In Chile, majors, or large-scale mining companies are the most significant actors in the
area of exploration with 88.0% of the budget. In addition to maintaining their share, the
majors increased their budgets for 2018 by around 4% over the previous year.
In the case of junior companies, their share was down 4.5% in 2018 and their budgets
fell by 52%. For their part, the state and other companies, in addition to medium-sized
companies, had 4.4% and 2.3% shares, respectively10.

10 Sernageomin. Mining Claims, (2017)
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Graph 8_ Proportional distribution of exploration budget
in Chile by type of company
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As these numbers show, Chile needs to return to the path of growth in copper
production, not just from the operational perspective, but also from the discovery
of new deposits that add to the reserves already identified and which will allow our
country to maintain the position of leadership that it has enjoyed for many years.
For this, exploration, especially early-stage exploration and that carried out by junior
companies, is one of the areas that public policy should focus on.
Management of Mine Claims in Chile
In Chile's case, mine claims are managed as concessions, which can be for exploration
or for exploitation. The institutional framework, governed by the Constitution of the
Republic of Chile, the Constitutional Organic Law on Mining Concessions (Law No.
18097/1981) and the Mining Code (1983), establishes the current foundation for the
development of mining activities in the country.
The current mine claims system has been fundamental to promoting the industry's
development, as can be seen in the significant increase in mined Copper production
in Chile starting in the 1990s, mainly because the deposits discovered after it went
into force later became the large-scale mining operations that sustain current copper
production and which distinguish Chile as a mining country.
The below graph represents the size of each deposit in tons and distinguishes between
gold and copper deposits.

33

01 / Exploration

1960

1950

1940

1930

1920

1910

1900

1890

1880

1870

1860

XV
Pampa Camarones

Chuquicamata

I

Radomiro Tomic

II
Mantos Blancos
III
El Salvador

IV

Los Bronces

El Soldado
V

El Teniente
MR
Andina

2000

1995

1990

1985

1980

VI

1975

Gold

1970

Copper

1850

1840

Graph 9_ Year of discoveries and size of the main Cu-Au deposits
in Chile by region

XV
I
II

Choquelimpie

Michilla

La Pepa

La Coipa
Cerro
Negro
El Indio

MMH

Cerro
Casale

Zaldivar
El Abra

V
MR

Lomas Bayas

Cerro Colorado

III
IV

Collahuasi

Cerro
Dominador Escondida

Quebrada
Blanca

Candelaria

Lobo-Marte Andacollo Oro

Los Pelambres
Pimentón

Escondida norte
El Peñón

Spence Esperanza

Guanaco

Volcán Gaby
Productor
Mantoverde
Pascua Lama
Relincho
Maricunga
Jerónimo
El Espino
Pantanillo
Andacollo

Caserones
Pullali

VI
Florida

Source: Cochilco

Tesoro

Vizcachitas

34

01 / Exploration

Chilean production had increased by 3.9 times by 2003, after the Mining Code had been
in force for 20 years, from 1.2 to 4.9 million metric tons of fine copper. In addition to
this sharp increase in production, another key aspect to be highlighted is the increase
in production by private companies.
In fact, private mining production increased by 13.6 times between 1983 and 2003 (from
0.2 to 3.3 million metric tons of fine copper). In contrast, in the same period, Codelco
increased its production by 1.5 times (from 1 to 1.5 million tons of fine copper). The
new mine claims system had established a reliable model for granting rights over the
exploration and exploitation of minerals. This is reflected in the levels of investment of
the last 30 years, which resulted in the expansion of Chilean copper production.
The following graph shows the evolution of areas under concession for exploration and
exploitation in the past 20 years.
Graph 10_ Evolution hectares under concession (Millions of ha.)
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Figure 1_ Distribution of mining claims
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It has been established that concentration on a national level has remained within
a similar range since 2000, while among mining regions only the Antofagasta
Region showed a significant increase in the concentration of claims during the
period analyzed.
The Regions of Arica y Parinacota (XV) and Tarapacá (I) have shown a trend toward
reduced concentration since 2006. This phenomenon can also be observed in the
Atacama Region, though in a less pronounced way, and it remains below national
averages.
It should be noted that concentration of mine claims is not necessarily associated
with market inefficiencies, as the owners of mining project are priori unaware of
the total size of a deposit. For this reason, they must overestimate the total area
to be requested initially to be able to incorporate valuable resources. Viewed from
another perspective, a project could have an additional claim at a distance from the
current location of an operation due to the fact that there are reserves considered
in the mine planning whose exploitation would be in the medium and long term,
which would represent a natural behavior from the industry's perspective.
In the case of claims turnover, measurement of the volatility or instability of a
market represents a way to account for the level of activity and the transactions
produced internally, which is associated with its entry and exit barriers.
Graph 11_ Percentage of area traded on average
in 2006-2013
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In this context, on average deed holders decide to maintain 95% of the previous
year's exploitation area and exchange 2%. The remaining 3% of the area that
is not maintained is left in the registry for the next year and also, the new area
incorporated represents 10% of the immediately preceding total exploitation area.
The regions can be seen to behave in a relatively similar way, meaning that one
cannot affirm that there is greater movement of claims in regions that are of
greater interest to mining. Only the Seventh, Eighth, Ninth and 12th Regions show
a significant decline. On a level of the 10 largest mine claims holders in the country,
one can see that they only contributed 17% of the exploitation concessions that
changed hands, which is evidence of their low turnover.
Use of claims
The conditions of concentration in poles of geological interest and stability in
ownership of mine claims are not conditioning factors that cause the market to
operate inefficiently. Both factors can be understood as rational decisions on the part
of claim holders who are engaged in mining activities in the area under concession.
Furthermore, as noted in the Political Constitution of the Republic, a mining
concession gives the claim holder the right to engage in the necessary activity to
satisfy the public interest that justified awarding it11. Likewise, diverse authors
have highlighted that the mining concessions system does not currently promote
a concession's development or use for mining purposes, which undermines the
country's mining potential either for speculative purposes or in defense of the land12.
According to an analysis by Cochilco, estimated use of mine claims is around 23%
of the total exploitation area, considering concessions with claim holders in the
region where a mine operation has been declared.

11 Political Constitution of the State of Chile, 1980.
12 Defense refers to the existence of owners who register mine concessions to defend the activities engaged in on the surface
from malicious agents seeking to impose the right to the subsoil over the right to the land, merely for the purpose of obtaining
economic compensation and not necessarily for engaging in mining activities.
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Figure 2_ Estimation of mining claims
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The results of this analysis are summarized below:
There are at least three general situations that explain a reduced use of
concessions for mining purposes. First are claims that, while not currently
operational, have previously been recognized, have geological information and
are of certain interest to the claim holder. Second, claims that might not have
registered activity of any kind, either because the claim holder has not yet
decided how to explore the area or because external conditions do not allow it.
Third, there are claim holders use their claims for speculative purposes without
any interest in engaging in mining activities and hope to sell them to a mining
company that is interested in exploring and exploiting them. Lastly, there are
cases of claim holders who use a mine concession to protect activities that are
engaged in on the surface, such as agriculture, real estate or energy projects, due
to the higher priority that mining claims have over ownership of surface property
under certain conditions. The literature contains specific data confirming
the existence of the last two cases (León, 2012). The third case is frequently
associated with grassroots exploration.
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The availability of geological information
Access to mine claims is a challenge that industry players must address, especially
those interested in engaging in greenfield exploration. However, the reduced access to
geological information on the property one seeks to explore is not a minor challenge.
Since 1983, Article 21 of the Mining Code has required companies to supply the basic
geological information of their exploration activities. However, that article does not
contain any associated sanction and there was therefore no way for the National
Mining Service to enforce compliance.
Though this changed with the enactment of the rules regulating the provision of
general information obtained from basic geological exploration work, dated 20
June 2016, the fact is that the availability of information in the industry remains an
unresolved challenge.
In addition to this, the state has also generated scant information through the National
Geology and Mining Service. Our country does not have a geophysical survey of its
entire territorial extension.
These barriers make the entry of new exploration actors more difficult, especially for
greenfield exploration, as they lack available information that could be public and easily
accessible.
The geological scenario and technology
Mineral deposits can be exposed or covered. The latter of these can be near the
surface or deep down. Historically, the majority of discoveries have been exposed
deposits, or those visible to the human eye. However, most such deposits have already
been discovered, so the current search is concentrated on buried deposits, which are
harder to identify as traditional techniques involving regional geology, geochemistry
and geophysics do not tend to be effective.
On the other hand, buried deposits have high potential, considering that the geological
characteristics of the exposed and covered sectors are similar. Almost half of northern
Chile is covered by gravel and the remaining half is exposed rock.
Thus, the challenge is to develop new technological tools that allow exploration
techniques to be applied to covered and/or deep regions.
Territorial planning
Another of the challenges that we face as a country in exploration has to do with
territorial planning. This is an area in which regional and local stakeholders participate
without there being a national policy on the matter.
This situation affects the mining industry, especially greenfield exploration seeking
deposits where there are no current operations, because it creates room for
uncertainty regarding whether that area of land can be used by a mining project or not.
This issue is so sensitive that the annual ranking of countries as a mining investment
destination punished Chile, demoting it from 11th place in 2015 to 39th in 2016.
However, in 2019 the Fraser Institute once again classified Chile as an interesting
country for mining investment and ranked it 6th worldwide.
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Conditions for strengthening mineral exploration in Chile
Copper mining is an economic activity dedicated to the extraction of non-renewable
resources and it has such dynamic and complex features that it may be unrealistic to
analyze it from the perspective of exploration alone.
Bloomberg estimates conclude that the world's future copper needs will be
significantly greater than currently identified resources and reserves, which of course
represents a major opportunity for our country, considering the amount of this mineral
that is available in our territory and the significant knowledge that we have on its
exploitation.
In addition, past exploratory activity guarantees mining activities in the country for
the next 50 years, at least at the largest mines, maintaining current production levels.
However, given the estimated future increase in copper demand, there is a need to
expand resources and reserves in a proportion that would allow this high demand to be
satisfied. Thus, our country's challenge is to incentivize the discovery of new deposits,
which makes it necessary to create a series of conditions to make better use of these
resources, optimizing the use of mine claims and fostering their exploration and
subsequent exploitation.
Three lines of action have been identified to promote exploratory activities:
Production of geological information
The availability of reliable and timely precompetitive geological information is
currently a decisive factor in the competitiveness of mining districts. Chile has
taken important steps in this direction, such as creating the figure of Competent
Person and the approval of the regulation associated with Article 21 of the Mining
Code. The Sernageomin's implementation of a national geology plan is also a sign
of progress. However, policies and resources are still needed before we have a
geological and claims information system that is appropriate to the importance
that exploration industry has and should have in Chile.
Development of instruments to promote exploration
The advantages of a tax incentive for exploration activities has been discussed,
which would allow the expenses of this stage of the mining business to be deducted.
This exists in economies that are more developed in this area, such as Canada and
Australia, where activities by exploration companies is an engine of development
for the financial industry. However, that is not the only way to stimulate exploration,
as there is also the possibility of allocating funds through competitive processes
or through direct allocation as is the case in Australia and Canada in periods
when risk capital financing becomes scarcer and exploratory activity becomes
depressed, with the subsequent increase in unemployment and impact on the
long-term sustainability of extractive activities. In this context, the ENAMI's reserve
recognition instrument is a sign of the existence of this type of policy but needs to
be evaluated and probably updated so it can be strengthened.
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Creation of basic infrastructure
One rarely thinks of the existence of basic infrastructure for exploitation as an
incentive to this activity. The existence of available mine claims, financing and
quality geological information do not guarantee that the exploration activities
will be undertaken, as the inexistence of roads, electricity and water distribution,
treatment plants and port facilities restricts exploration regions to areas where
these conditions do exist, or else conditions the search for projects to focus on
ones that are of a scale that allows said infrastructure to be financed.
As can be seen, there is still considerable room for improvement when it comes
to the performance of exploratory activities in Chile and in that way maximize the
value of our mineral resources, in addition to creating all of the links that can be
derived from this stage in the mining business.
This is one of the areas for improvement that is added to those already identified
by the Alta Ley National Mining Program and where Cochilco has provided valuable
industry information and analysis.
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The group of experts that participated in the technical
workshops defined four challenges, based on the background
information evaluated and the vision established for the
Core Challenge: Exploration. Potential solutions and R+D+i
lines were identified for each of them.
Mining exploration is an activity that involves the
systematic capture, storage, processing and interpretation
of the information obtained in its successive stages, which
require financing.
Very simply put, mining exploration is a process that can
be divided into four phases: i) financing; ii) capture and
storage of information; iii) processing of information;
iv) characterization and interpretation. The challenges
identified and how they appl to each of the phases is
explained below.
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Challenge

01

Strengthening the institutional
framework in technological aspects
This initiative seeks to foster mining exploration and make it more dynamic, especially
so-called greenfield exploration, contributing to increase the number of projects and
agents engaged in exploration in our country.
One of the aspects that has been defined as significant is simplifying the system
of permits associated with labor requirements in high altitudes and archaeological
issues, to cite a couple of examples.
Furthermore, the development of this initiative seeks to regularize the coordinates
system, which currently references the vertices of the coordinates determined in
UTM projection of mining concessions in Chile moving from the reference system
Provisional South American Mixed Datum 1956 La Canoa and/or South American Datum
1969 Chua, Brazil, to SIRGAS WGS8413 Coordinates.

Promoting an institutional regulatory framework that makes
exploration more dynamic

Solution

R+D+i Lines

01

Supporting
technological
development in
relevant aspects

Improvements in high-altitude
work.

Changing the current
reference system
capture storage
processing

Geomatics techniques and
geographic information systems
applied to the change in
coordinate systems.

02

Source: Authors’ compilation

13 Sernageomin, Mine Claims 2017

Technological tools to mitigate
impacts on archaeological
sites.
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Challenge

02

Development and transfer of technology
for the capture and storage of
geological information
The global trend, especially in Chile, is that finding deposits on the surface is
increasingly unlikely. This reality forces the exploration of deeper and logistically more
challenging regions.
The challenge presented and the respective initiatives seek to create opportunities
for development and use of technologies to capture and store information for the
discovery of covered and deep mineral deposits.
Important impacts on the R+D+i ecosystem related to the development of this type of
technologies can be foreseen.

Development and transfer of technology for the
capture and storage of the information.

Solution

R+D+i Lines

01

Technologies to assess
geological hazards.

Transfer of
exploration
technologies

Applied tectonics.
Geophysical instrumentation.
Virtual drilling.
Use of drones.

02

Capture of information
with an emphasis on
deep regions

Seismic tomography.
Paleomagnetism.
Geo-technologies for mineral
exploration in covered areas.

Source: Authors’ compilation
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Challenge

03

Technological development in the use of
information
Advanced technologies in different areas associated with the development of sensors,
communications, internet or online information flows have allowed an immense body
of data to be collected. This requires the development of technologies to process and
use them. Currently the analysis and interpretation of large volumes of data represents
a key challenge for the generation of useful knowledge to support processing,
characterization and interpretation activities in the search for deposits.
On the other hand, the application of concepts like machine learning and pattern
recognition techniques stand out, mainly in applications for engineering, computer
science and mathematical processes, whose objective is to analyze, organize and compile
information based on accumulated data, creating knowledge and relationships among it.
Tools such as analytics and machine learning algorithms are helping mining companies
to gain a comprehensive data-based vision of their businesses. By feeding these
algorithms with online data and analyzing the historical records, one could extract
future knowledge based on variables such as the performance of each operation.
In the development of information management and capitalization techniques for the
search for exploration targets, information is available from mining companies that
used the Internet to disclose geological information or hold a public competition - with
a monetary rewaard included - to search for mineral deposits, an experience known
as crowdsourcing. This initiative enabled to a mining company to discover several
deposits that quickly increased its market value.
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Technological development in the use of information

Solution

R+D+i Lines

01

Data mining application.

Incorporation of big
data, analytical
tools and artificial
intelligence

Use of machine learning, analytics
and learning algorithms.
Geostatistical supercomputing.

02

Information management
and capitalization
techniques

Initiatives associated with
crowdsourcing.
Geochemical characterization
for environmental impact
management.
Geological and structural
modeling with advanced
computational tools.
Creation of genetic models.
Characterization of rocks through
image analysis to develop of
predictive geo-metallurgical
models.
Integration of geological and
geochemical information in highperformance computer models.

Source: Authors’ compilation
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Challenge

04

Developing and deepening partnership
models
There is a growing need to develop collaborative models in Chile among the different
stakeholders in the process to resolve the challenges posed throughout the entire
value chain of the mining exploration business in the country.
Initiatives aimed at lowering the cost of core sampling or migrating from the drilling
and geophysical techniques used in other industries are challenges that can be
overcome with collaborative models.

Developing and deepening partnership models

Solution

R+D+i Lines

01

Lowering the costs of core
sampling.

02

Collaborative model
for the development
of prototypes

Having testing
facilities available

Source: Authors’ compilation

Migration from drilling and
geophysical techniques from
other industries.
Creation of a center
of excellence in geoscience.

The chapter Core challenge:
Mine operation and planning was
developed based on work by Murray
Canfield, Jorge Cubillos, Alexandra

02
core
challenge
mine operation
and planning

Hernández, José Ignacio Guzmán,
Rafael Guzmán, Enrique Jélvez,

Javier Ruiz del Solar, Paul Vallejos
and Norma Vargas.
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Evolution of resources and reserves in chile
Over recent decades, in the face of significant increases in demand for copper,
the supply side reaction has been to increase the extraction rate and expenditures
on exploration, creating a dynamics to discover new deposits and obtain the
recognition of new resources at existing mines. However, the efficient exploitation of
nonrenewable natural resources entails exploiting reserves at a rate that maximizes
the resource endowment's value over time.
The figure shows an elemental framework of the resource and reserve categories
used by CRIRSCO (Committee for Mineral Reserves International Reporting Standards),
defined by level of geoscientific delineation (resource) and economic viability (reserve)
and categorized according to the increase in geological confidence and risk for each
category. Regarding increased geological confidence, measured, indicated and
inferred resources are distinguished. Conversion of these resources into reserves
(proven and probable) requires applying modifying factors. That is, the relevant
technical, economic, environmental, legal and government parameters and factors
that make a mining project viable.
Figure 1_ Categorization of mineral resources and reserves
Geoscientific delineation Confirmed economic viability
Very roughly
delineated
increased
geological
confidence

Background
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Moderately
delineated
Delineated with
high precision

INFERRED
RESOURCES

INDICATED
RESOURCES

Source: González (2015)

Inferred resources have
no correlation to reserves

Inferred

X

Indicated

Probable

Moderately established
economic viability

Measured

Proven

Reasonably established
economic viability

MEASURED
RESOURCES

INFERRED
RESOURCES

PROBABLE
RESERVES

PROVEN
RESERVES

MEASURED
RESOURCES
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Based on data from the US Geological Survey (USGS) and refined copper consumption
figures provided by Cochilco, one can see in the below graph that global copper
reserves in 2001 should have be exhausted by 2023. However, the new market
conditions marked by the so-called price "supercycle" from late 2003 until 2014 led to
an exploration boom and the reclassification of recognized resources in 2017, which
together with the copper extracted during 2001-2017 is equivalent to three times the
reserves identified in 2001.
Graph 1_ Total world coper reserves and estimated
useful lifespan
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Graph 2, prepared with data from the 2016 National Geological and Mining Service
Yearbook, shows that the ahnnual average reserves in 2013-2016 was 167 million tons
of copper, which represents 24% of the global reserves informed by the USGS and
positions Chile as the country with the largest copper ore reserves in the world.
Graph 2_ Copper reserves in Chile (2001-2017)
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Source: Authors’ compilation based on Sernageomin and USGS data

This data, added to the almost 90 million tons that have already been extracted
in the last 17 years, new deposits, and the change in economic classification
of resources for market reasons, has increased copper reserves by 3.2 times
compared to what existed in 2001.
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Graph 3, prepared by Sernageomin, shows the evolution of measured and indicated
copper resources and reserves in 2001-2016, quantified in millions of tons of fine
copper content. It should be noted that the tonnage associated with reserves has
oscillated with the price of copper and the remarkable thing is that the measured and
indicated resources have doubled in this period.
This inventory shows that, at the current extraction rate, the useful life of deposits
could easily be sustained for over 80 years. This graph does not include close to 350
million tons of fine copper contained in inferred mineral resources, which in the long
term could be categorized as measured and indicated resources, before ultimately
becoming reserves.
Graph 3_ Evolution of copper reserves and measured + indicated
resources in Chile (2001-2016)
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Open pit and underground mines
The below graph shows how the majority of ore currently extracted in Chile and
around the world comes from open-pit mines. Almost 4 billion tons of copper ore were
extracted globally in 2018, of which close to 85% was produced by open pit mines and
the rest by underground mines.
Graph 4 Copper ore mined worldwide, 2000-2035
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Graph 5 shows Cochilco's projections for Chilean copper production by type of mine
operation: open pit and underground mining. It is estimated that open pit mines will
continue to supply most of the copper produced in 2035. Graph 5 also shows that the
contribution of fine copper produced by underground mines will remain at around 12%.
Graph 5_ Projection of fine copper by type of mining through 2035
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It is estimated that in the long term (after 2050), environmental considerations and the
depletion of mineral resources that can be extracted through open pit mining will lead
to the prioritization of underground mining for the extraction of resources. In Chile,
some of the existing open pit mines will migrate toward underground operations, as
Chuquicamata is doing.
The surface exploitation method, known as open-pit or strip mining, is the first option
evaluated in the development of a mining project, as it is usually cheaper if the ore
body is close to the surface and is regular in shape and there are no environmental
restrictions that might prevent intervening in the surface above.
Depending on the concentration of the elements that are of economic interest, the
potential contaminants and, in general, the geometry of the ore bodies, open-pit mines
can by far exceed 800 meters in depth.
However, when the ore body is located at a greater depth or else has surpassed the
economical limit of strip mining, then the underground method will be chosen. In
this case the underground method will be defined by a series of factors related with
the body shape, other characteristics of the ore as well as the rock that surrounds it,
environmental and technological factors, and economic considerations related to the
ore reserves available, the required production rate, mine lifespan, productivity, and
lastly the cost per ton of ore using every possible method.
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Over 50% of Chile's fine copper production, in any of the forms it is sold in, comes
from the six operations detailed in the table below.
Graph 6_ Largest operations in Chile (mainly open pit)
and their contribution of fine copper
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Most operations in Chile are open pit mines.
El Teniente and Andina, both property of Codelco, are the main underground
operations in Chile, though they both have open pit mines as well. The start of
underground mining operations in Chuquicamata in 2019 is also worth highlighting,
though full regime production will take a couple of years. In the long run, Escondida,
Los Bronces and other operations could also undergo the transition from open pit to
underground mines.
The mining business is conditioned by a dynamic environment, in which it is
fundamental to quantify and characterize the geological resources and to adequately
convert these geological resources to mineral reserves, incorporating with this
conversion all geological-mining-metallurgical, economic, financial, commercial,
legal, environmental, social, governmental and infrastructure aspects, which must be
updated according to the dynamics mentioned above.
It must be kept in mind that the foundations of all mining projects are: establishing a
clear reserve consumption strategy that is translated into a mining plan and managing
the risks of this plan to maximize business profits while seeking to lend sustainability
to the mining company and its environment.
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The following diagram published by the Mining Committee1 shows that the conversion of
resources to reserves includes the following phases: Exploration prospect that gives rise
to the idea; technical-economic analysis on an order of magnitude to produce a study of
the profile; a pre-feasibility study, and a feasibility study, which offers a database that will
be used by a backer or financial institution to decide on a project's development.
In the initial stages the information is fragmentary or insufficient and involves a high
level of risk, which obliges the inclusion of actions in the following stages of each
project that improve and strengthen the information to create increasingly lower levels
of risk that allow one to move on to the next stage of the project.
Figure 2_ Conversion phases and study levels
Mineral
Resources

Mineral
Reserves

Fragmentary
Information

Functional
models

High risk

Low risk

Progressive transition toward reduced uncertainty and risks

Exploitation

Profile

Pre-Feasibility

Feasibility

Source: Tulcanaza (2014)

The successive mining studies must reflect the growing level of certainty in the
relevant exploration parameters and, if favorable economic results are available, lead
to the mine's construction, commissioning and operation.
Operating a mine is a multidisciplinary task that must be coordinated and undertaken
in a safe and effective way. The work teams that participate include, among others:
geology, geotechnics, planning, topography, mine operations, maintenance,
administration, services, and support in health, safety, the environment and quality, in
addition to consultants from diverse areas.

1

The commission for Skills Related to Mining Resources and Reserves, created by Law No. 20,235.
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The geology team's mission includes providing information on the physical, chemical
and mineralogical characteristics of the material to be extracted, which is the
starting point of the extractive process. This information is taken by the engineering
or planning group, which integrates it with other variables related to operation,
geotechnics, metallurgy, maintenance, productivity and costs to draft a production
plan or “mine plan.” This plan describes the materials that will be moved in the
operation and the resources required to do so.
Movement of materials in the operation includes extraction and transportation of
materials of different qualities and concentrations of the element of interest. That is,
material lacking in valuable content (sterile), material whose valuable content does not
justify processing it and materials with different proportions (ore grades) of elements
of interest. This material, generically referred to as ore, is destined to one of the
process lines or the respective stockyard.
Mine planning is under continual development during mine operation, in a way that is
similar to what is done in the preliminary stages of the mine project or the engineering,
but with different information inputs.
A qualified team of people called "Mine Operations" oversees coordinating the
extraction of material from the mine, following the guidelines of the mine design and
planning. In metals mining this is done in the following unit operations sequence:
drilling, blasting, loading and transportation.
Together the unit operations and the equipment and/or technology used to undertake
each one make up a mining system, which is closely related to the exploitation method.
For example, currently the majority of large mines operating under the open pit method
use a system in which the stripping or extraction of the material is done with drilling
(mainly rotary) and blasting with explosives, while loading and transportation is carried
out using a shovel-dump truck system.
As mentioned, the Chilean mining industry has been affected by a gradual decline in
the quality of its geological reserves. Copper ore grades are ever lower, due to the
greater depths that mines have reached, where the rock is harder. In addition, in the
case of open-pit mines, expansion of operations habitually entails removing a larger
proportion of sterile material or waste for every ton of ore to be recovered, with a
greater travel distance due to the increased depth of the resources to be exploited.
This scenario has a direct impact on higher energy consumption per pound of fine copper
produced and it has a negative effect on the mine business's productivity. Furthermore,
the need to move larger volumes of waste and grind more ore is added to the increasing
hardness of the ore found, which has a considerable impact on energy consumption.
Another reason behind the growing need for energy in mining has to do with the
low availability of continental waters available to supply the consumption of new
operations, with an increasing need to transport water from the sea and the energy
expenditure associated with it.
Cycles of high prices lead to the exploitation of lower grade deposits that are
economically viable. However, the decline in ore grades, the increased hardness
and impurities and the longer transportation distances make productivity and costs
a major challenge for Chilean copper mining. It should be kept in mind that mining
is a long-term business with volatile prices. Therefore, productivity and costs are
fundamental to sustain the business in the long term.
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vision of core challenge

To be the global
leader in largescale mine Planning
and Operation, with
high standards
of operational
efficiency, safety
and social and
environmental
sustainability

62

↑

02 / Mine operation and planning

Codelco
El Teniente
Division

63

Challenges,
solutions and
R+D+i lines

02 / Mine operation and planning

In this phase of updating the Roadmap, the core challenge's
group of experts considered the base of the work done in
the previous version and engaged in the task of redefining
solutions and new R+D+i lines, confirming the challenges of
the previous Roadmap, which are:
/ Increased productivity and cost reduction
/ Increase in mineral reserves
/ Care for the environment and social responsibility
/ Greater workplace safety and quality
Mine planning and operation was divided into three phases.
These are:
/ Mine project, engineering and mine control and
planning (MC&P);
/ Open-pit mining
/ Underground Mining
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Increased productivity and
cost reduction
Productivity and costs are a central issue that the mining industry must address in
the short and long terms. This is a challenge that cuts across all phases defined in the
context of this core challenge. However, given the background information presented
above, productivity gains particular importance in the mine planning and operation
process, regardless of whether it is open pit or underground mining.
In the mine project engineering and mine control and planning (MC&P) phase, lines
of research associated with methods of stochastic optimization for mine production
sequencing stand out that incorporate the different sources of uncertainty in their
assessment, as does the development of simulation tools and integrated an automated
mine-plant process design for planning, and the remote operation and control from
integrated operation centers should be considered.
In open mining, solutions associated with improved handling of large volumes of
material over long distances and the development of steeper embankment design
methods were considered.
The solutions associated with increased productivity in underground mining are
related to the development of large-scale deep mining, which among other things
entails developing technology for autonomous or remote-operated equipment in
different unit operations during the preparation, development and construction phase.
Some of the main issues addressed by the core's group of experts and which were
considered for open pit and underground mining are presented below. The main
elements developed correspond to the integration and characterization of mineplant operations and the development of new methodologies for asset management,
maintenance and troubleshooting of main equipment.
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Increased productivity

Solution

01

Optimal strategy
for the consumption
of reserves

R+D+i Lines

Operations

Stochastic/robust optimization
methods for sequencing of mine
production.
Integrated simulation and design
tools and automated mine-plant
processes for planning.
Integrated real-time design of
drilling and blasting/Combination
of drilling technologies
(characterization of rock mass and
blasting (design and prediction
of results).

02

Increased drilling
and blasting
efficiency

Monitoring and control of mineral
from blasting to optimize
processing, especially to
optimize the use of energy
in explosives and SAG grinding.
Automation/teleoperation of
explosives handling in the
blasting process.

Opm

Um

Opm

Um

Opm

Um

Opm

Opm

Development of technology for
autonomous/teleoperated
equipment in different mining
units in the preparation/
development and construction
phases.

Um

Um

Opm
Um

Open Pit Mine
Underground Mine
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Solution

03

04

R+D+i Lines

Development of
large-scale deep
mining preparation,
development and
preconditioning

Integrated automation of
transport and loading equipment
fleet without depending on GPS.

Improved handling
of large volumes of
material across long
distances: loading
and transport

Development of hybrid systems
for handling large volumes
of materials in open pit and
underground mines.

Operations
Opm

Um

Opm

Um

Development of synthetic/3D
vision and haptic interfaces
that facilitate remote control
of processes and immersive
teleoperation of equipment.
Development of coordination
systems for synergetic
interaction between equipment
that is autonomous, teleoperated
and manually operated, allowing
interaction among them and with
other systems (interoperability)
through standard interfaces.
Development of technology for
the automation/teleoperation of
equipment for different support
unit operations such as secondary
reduction, cleaning, unhanging
of points, handling of materials
contaminated with high levels
of humidity (water, mud), etc.

Um

Opm

Um

Um
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Solution

05

06

Increase/Enhance
control over
embankment stability

Integration and
characterization of
operations mine-plant

R+D+i Lines

Operations

Methodologies for the design
of steeper embankments.

Opm

Develop blasting technologies
that improve the banking angle.

Opm

Development of online information
applications for integrated
decision making in the mine-plant
process, with inference of results
and modeling of possible scenarios.
Real-time monitoring and
characterization system.
Design and installation of
integrated centers for remote
control and operation.

07

Development of new
methodologies for asset
management, maintenance,
and troubleshooting of
main equipment

Fully automated predictive
maintenance.
Automation/remote control of
certain maintenance processes,
allowing the maintenance time for
critical equipment to be reduced.
Immersive online maintenance.
Development of systems using
big data/IoT for handling large
volumes of data and which allow
inferring the behavior of the
fleet, equipment, systems or
processes.

Opm

Um

Opm

Um

Opm

Um

Opm

Um

Opm

Um

Opm

Um

Opm

Um
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Solution

08

Detection of
abnormalities

R+D+i Lines

Operations

Robust detection of uncrushable
material.

Opm

Control systems for online
prediction of rock explosions,
floods or other relevant phenomena
using fixed sensors and sensors on
equipment.

09

New extraction methods

Onsite mining.

10

Courses and training

Development of new technologies
for training of operators and
maintenance workers.

11

Change management

Development of tools that ensure
the defined transformations
(digital transformation).

Source: Authors’ compilation

Um

Um

Opm

Um

Opm

Um

Opm

Um
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Challege

Increase in mineral reserves

02

The second challenge identified in this core challenge gives rise to the issues
presented in the table below. They are related to the mine project engineering, control
and planning phase. In addition, increasing mineral reserves in the engineering and
planning phase involves refining tools that allow, among other things, developing an
optimal strategy for the consumption of reserves, new extraction methods and the
development of technology for modeling of the rock mass, including measurements of
ore grades, stresses and humidity.
In addition, new ore exploitation and processing methods must be considered
that make resources profitable that would not be so using current methods and
technologies.

Increase in mineral reserves

Solution

01

02

03
04

R+D+i Lines

Optimal strategy for
the consumption of
reserves

Stochastic/robust optimization
methods for sequencing of mine
production.

Increased drilling and
blasting efficiency

Validation of fragmentation curves
determined with online information
and 2D and 3D technologies
(hardware/software).

Increase/enhance
control over embankment
stability

Methodologies for the design
of steeper embankments.

New extraction methods

Onsite mining.
Run-of-mine bioleaching to scale
controlled by blasting, optimizing
recovery.

Source: Authors’ compilation

Operations
Opm

Um

Opm

Um

Opm

Opm
Opm

Um
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Challenge

Environmental protection and social
responsibility

03

Socio-environmental aspects have acquired particular relevance in the future
development and sustainability of the mining industry. The most important of
these in the development of projects is the license to operate. In this context, the
following table shows the R+D lines for each solution identified in the framework
of the challenge. These R+D lines are aimed at increasing the efficiency of drilling
and blasting, enhancing control over the emission of pollutants, reducing their
environmental impact and the development of onsite mining projects. It should be
noted that the behavior of current operations is a reference for the stakeholders
in mining projects, as the consequence between what is declared and what is
materialized is very important and influences the image that companies project.

Environmental protection and social responsibility

Solution

01

02

R+D+i Lines

Increased drilling
and blasting
efficiency

Integrated real-time design
of drilling and blasting/
combination of drilling
technologies (characterization
of rock mass and blasting (design
and prediction of results),
controlling the environmental
effects: vibrations and dust,
among others.

Enhancing control
over the emission
of pollutants and
reducing their
environmental impact

Dust emissions mitigation
technology in open pit.
Dust emissions mitigation
technology in loading/unloading/
crushing points.
Technological systems for the
ecological treatment/use of mine
contact water.
Development and validation of
electric vehicles/production
equipment to eliminate gases.

Operations
Opm

Opm

Um

Opm

Um

Um

Um
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Solution

R+D+i Lines

03

New extraction
methods

Onsite mining.

Model for project
viability and prevention
of socio-environmental
conflicts

New methodologies.

04

Source: Authors’ compilation

Operations

Opm

Um

Opm

Um
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Greater workplace safety and quality
Mine operations are inherently risky: the challenge has been to lower a controlled risk
and an option is to move workers away from risky areas through the incorporation of
new technologies.
Occupational safety is a priority focus in the mining industry, which can be seen in
fact that most mining companies declare safety as the most important value in their
statement of values. The accident rate in mining is less when compared to other
economic activities undertaken in the country. Unfortunately, while the mortality rate
has been declining gradually, it has not been possible to eradicate fatalities. It is worth
noting that lower accident rates increase productivity and lower the costs of mining
operations, as they influence the continuity of their operations.
Aspect is identified as a major challenge in the roadmap, given its implications for the
development of R+D lines associated with:
̸ Monitoring of operators' vital signs
̸ Development of applications with drones to detect anomalies in the territorial
management of reserve/ dumps / spills for early warning.
̸ Systems for online detection of seismic events that could cause rock explosions,
floods or other relevant phenomena using fixed sensors and sensors on
equipment.
̸ Dust emissions mitigation technology in open pit and underground mines.
̸ Dust emissions mitigation technology in loading/unloading/crushing points, both
in open pit as well as in underground mines.
̸ Development and validation of electric vehicles and production equipment to
eliminate gases.
̸ Development of robust and lower-cost technologies to monitor and control
embankment stability.
̸ Development of systems for the capture and use of information in the mine
development stage that allow an enhanced geotechnical characterization /
Preconditioning of the rock mass / Dynamic support and fortification.
̸ Development of new technologies for training of operators and maintenance
workers.
̸ Integrated automation of transport and loading equipment fleet without
depending on GPS.
̸ Development of massive positioning systems that interact with other security
systems and ventilation systems for cases of fire emergencies.
̸ Coordination systems for the synergistic interaction among autonomous,
teleoperated and manually operated equipment, considering different
manufacturers to enable interoperability.
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̸ Development of synthetic/3D vision and haptic interfaces that facilitate remote
control of processes and immersive teleoperation of equipment
̸ Automation/remote control of certain maintenance processes, allowing the
maintenance time for critical equipment to be reduced.
̸ Integrated operation centers that manage mine-plant operations and remotely
operate teleoperated equipment while monitoring autonomous equipment.
̸ Development of systems for change management and ensure their
implementation.
̸ Onsite mining.

Greater workplace safety and quality

Solution

01

Increasing drilling
and blasting efficiency
to improve control of
the associated risks

R+D+i Lines
Integrated real-time design of
drilling and blasting/combination
of drilling technologies
(characterization of rock mass
and blasting (design and
prediction of results).
Automation/teleoperation of
explosives handling in the
blasting process.

02

Development of largescale deep mining:
preparation and
development

Development of technology for
autonomous/teleoperated equipment
in different unit operations in
the preparation/development and
construction phase.
Development of systems for the
capture and use of information
in the mine development
stage that allow an enhanced
geotechnical characterization/
preconditioning of the rock
mass/dynamic support and
fortification.

Operations
Opm

Um

Opm

Um

Um

Um
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Solution

03

Improved handling
of large volumes of
material across long
distances: loading
and transport

R+D+i Lines
Integrated automation
of transport and loading
equipment fleet without
depending on GPS.
Development of coordination
systems for synergetic
interaction between equipment
that is autonomous, teleoperated.
Development of hybrid systems
for handling large volumes of
materials in open pit and mines.

Operations

Opm

Opm

Opm

Development of synthetic/3D
from vision and haptic
interfaces that facilitate the
remote control of processes and
immersive teleoperation of
equipment.

Um

Development of massive
positioning systems that interact
with other security systems.

Um

Development of technology for
the automation/teleoperation
of equipment for different
support unit operations such as
secondary reduction, cleaning,
unhanging of points, handling
of materials contaminated with
high levels of humidity (water,
mud), etc.

04

Increase/enhance
control over
embankment stability

Development of robust and lower
cost technologies to monitor and
control embankment stability.
Methodologies for the design
of steeper embankments.
Design blasting and explosives
use to control damage to
embankment walls.

Um

Um

Opm

Opm

Opm
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Solution

05

06

R+D+i Lines

Operations

Integration and
characterization of
operations mine-plant

Real-time monitoring and
characterization system.

Opm

Um

Development of new
methodologies for asset
management, maintenance,
and troubleshooting of
main equipment

Fully automated predictive
maintenance.

Opm

Um

Opm

Um

Opm

Um

Opm

Um

Opm

Um

Automation/remote control of
certain maintenance processes,
allowing the maintenance time
for critical equipment to
be reduced.
Monitoring of vital signs of
the main components of major
equipment to optimize
a predictive maintenance.

07

Detection of anomalies

Immersive online maintenance.
Monitoring of operators' vital
signs.
Development of applications with
drones to detect anomalies in the
territorial management of reserve/
dumps/spills for early warning.
Predictive systems for online
detection of seismic events that
could cause rock explosions,
floods or other relevant phenomena
using fixed sensors and sensors on
equipment.

Opm

Um
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Solution

08

Enhancing control
over the emission of
pollutants and reducing
their environmental
impact

R+D+i Lines

Operations

Dust emissions mitigation
technology in open pit.

Opm

Dust emissions mitigation
technology in loading/unloading/
crushing points.

Um

Development and validation of
electric vehicles/production
equipment to eliminate gases.

09
10

11

New extraction
methods

Onsite mining.

Courses and training

Development of new technologies
for training of operators
and maintenance workers.

Improve control measures
to mitigate operational
risks based on the
experience of each
operation.

Development of predictive systems
that consider the records of
events reported, thus improving
preventive actions.

Source: Authors’ compilation

Um

Opm

Um

Opm

Um

Opm

Um

The chapter Core challenge
Concentration was developed
based on work by Manuel
Willy Kracht, Cleve Lightfoot,
Diego Lizana and Miguel Meza.

03
core challenge
concentration

Duarte, Francisco Gutiérrez,

78

↑

03 / Concentration

Codelco
Ministro Hales
Division

79

National mining productivity has declined, mainly due to the quality of the geological
resource, measured according to the ratio of sterile material to ore grade, in addition to the
rise in energy use due to increased processing in the ore concentration process.
Ore concentration takes place in a stage that follows extraction of the sulfide ore and
is a very important process in the productivity challenges the industry faces. The
concentration process consists in several sequential stages: crushing, grinding, flotation
and deposition of tailings.
Concentration begins with reducing the particle size, or "comminution,” which consists in
two consecutive stages: crushing and wet grinding. The latter two are an important part of
the cost associated with the concentration process, given the high energy consumption
involved in grinding, electric power, steel and water, inputs that increase costs.
After grinding, copper sulfide ores are concentrated using a flotation process, separating
them from other minerals of lesser or no economic benefit. Thus, a concentrate consisting
primarily of copper sulfides is obtained. The next stage, thickening, seeks to recover the
water and then the waste from the flotation process is dumped as tailings.
Within the ore concentration process, grinding accounts for the greatest cost due to
its high energy consumption. In fact, more than a third of the electric power consumed
in metals mining corresponds to what is used for grinding. The below figure shows the
distribution of costs in the most relevant stages of the concentration process. Regarding
the costs of the grinding stage, which in the national industry averages 49% of the
concentration process costs, 52% of them are electric power, 24% maintenance and
repair costs and 22 % represent the steel balls for grinding. It is estimated that steel ball
consumption in 2025 will surpass 1 million tons, which is equivalent to a 127% increase over
2014 (Cochilco, 2014).

Source: Cochilco (2014e)

Rest of grinding process 2%

22%
3″ and 5″ grinding balls

24%
M&R services
(Mech-Elec)

Figure 1_ Operating cost of grinding stage
52%
Electric power
grinding
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03 / Concentration

80

03 / Concentration

Water is an important input in the concentration process, from grinding to flotation,
and to facilitate the transportation of process tailings. Continental water sources have
traditionally been used but several years increased volumes of seawater have been
incorporated, which has had an impact on energy consumption.
Some challenges are presented in grinding and flotation due to the presence of coarse
and fine particles that reach the primary (rougher) flotation cells and affect the slurry
flow pattern due to changes in rheology (fine particles) and the accumulation of material
(coarse particles), thus affecting the performance of the flotation process. This increases
maintenance costs and affects productivity. Therefore, the floatation process needs to
identify strategies to efficiently retrieve the coarse and fine particles that contain value.
Figure 2 shows the typical copper metallurgy performance curve as a function of particle
size. One can see that the regions of fine and coarse material in this diagram can be
improved so as to optimize their performance.
Figure 2_ Metallurgical recovery as a function
of particle size
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Source: Adapted from Trahar (1981)

It is important to note that the investment required for the concentration of minerals is
high, meaning that asset management is of great importance in concentration plants.
Control technologies have emerged as a means for optimizing the use of assets
and improving process efficiency. In addition to improving people's safety, these
technologies help to stabilize processes (lower variability), cut costs, increase
productivity and improve the quality of intermediate and end products.
On the other hand, the supply of maintenance services has gradually incorporated
trends in the industry such as including methods and technologies that allow
predictive maintenance to be performed on productive equipment and facilities.
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vision of core challenge

To become a
global leader in
the operation of
concentration
plants through
high standards of
operational efficiency,
productivity
and social and
environmental
sustainability.
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Based on the information and the vision established for this
core challenge, the group of experts who participated in
the technical workshops defined the following challenges and
identified the solutions and R+D lines presented below.
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Challenge

01

Increased productivity
In the current context, this considered essential for making progress in the management
of assets, to reduce energy and steel consumption and also to more efficiently use and
transport water to increase the productivity of the ore concentration stage.
The below table summarizes the R+D lines associated with the proposed solutions to this
challenge.

Increased productivity

Solution

R+D+i Lines / Studies

01

Monitoring of key equipment.

Management of assets

Handling of uncrushable material.
Instrumentation's ease of
maintenance.
Robotization and autonomous
operation.
Impact of the use of seawater.

02

Reducing energy
and steel consumption

Fragmentation.
Pre-classification.
Preconcentration.
Development of new equipment
and adaptation of existing
technologies.
Classification efficiency.
Development of automatic sensors
and controls/process optimizers.
Impact of the use of seawater.
Grinding means and coatings.
Impact of the presence of clays
in the rheological channeling
of slurries.

03

Efficient water use
and transportation

Use of seawater or desalinated water.
Reducing the water make-up.
More efficient pumping.

Source: Authors’ compilation
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The prioritization of the challenges and solutions for this core challenge reveal that
preconcentration and classification are a priority area to optimize the use if inputs and to
access reserves not considered in the past. Figure 3 shows the preconcentration (sorting)
process, its usage concept and the benefits of implementing it.
Figure 3_ Principles of preconcentration of ore particles
based on measurement sensors

Material Feeding
(Hopper Configuration)
Preparation
of material
Nearby infrared
sensor (NIR)
Presentation
of materials

Color
sensor

Detection
of sensors
Material Feeding
(Conveyor Belt
Configuration)

Source
of X-rays
(XRT)

Data
processing

Preconcentrate

3/

Increases the tons
to be processed

Waste

Physical
separation

XRT Sensor

1/

Preconcentrate

2/

Waste

Reconsider material
that emerges as waste

Reduces costs
of transport

6/

Reduces energy
consumption

7/

Reduces water
consumption

9/

4/

Discriminates and classifies the
different types of minerals

8/

Access to additional sources
in revenues

5/

Reduces the
amount of
tailings

Increased
productivity

Source: The figure comes from the website: https://www.outotec.com/company/newsletters/
minerva/Minerva-issue-2--2017/ore-sorting-the-road-to-optimizing-your-operation/
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Challenge

02

Increased mineral resources and reserves
To increase the resource base and mineral reserves, there is a need to enhance
the metallurgical performance of processes, control for impurities and develop
new technologies.
The below table summarizes the R+D lines associated with the proposed solutions to
this challenge.

Increased mineral resources and reserves

Solution

R+D+i Lines / Studies

01

Selective flotation of
byproducts.

Increasing ore grades
in concentrates and the
recovery of elements of
interest

Development of automatic sensors
and controls/process optimizers.
Pyrite depression.
Flotation of fines, coarse
particles and sands.
Explore use of nanoparticles
in flotation.
Impact of the use of seawater.

02
03

Control of impurities

Development of technology
to guarantee the quality of
concentrate.

Development of new
technologies

Development of new concentration
methods.

Source: Authors’ compilation
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This core challenge also highlights the importance of recovering value from fine and
coarse particles. Operational practice indicates that currently operating processes
show a decline in recovery efficiency in the fine and coarse regions (see figure 2).
In this context, preclassification and preconcentration of minerals is a line of interest
to be developed based on the following arguments:
The feed ore grade is declining, which requires processing increased tonnage to
maintain production and for this reason, the preclassification or preselection of
material of value is essential to focusing energy efforts and the use of inputs.
The mineralogy of deposits has become more complex and will require multiple sizereduction stages. Ideally, only the fraction containing the components of value would
be subjected to comminution to avoid wasting energy.
Preconcentration processes can also be extended to secondary mining situations,
such as retreatment of tailings, which would be very useful in handling large tonnages
for processing.
On the other hand, improved flotation of fines, coarse particles and sands becomes
more important due to the following facts:
Processing ores with increasingly complex mineralogy requires fine and super fine
grinding stages. These stages create significant challenges for the separation of fine
particles by flotation, meaning that innovation and technologies to address these
aspects are of the utmost importance for the efficiency of the separation processes in
the Chilean mining industry.
To optimize the separation processes (in both energy and water consumption as well
as in residence times), there is a need for early removal of coarse particles that contain
value and fulfill the requirements for liberation and
hydrophobic features. Thus, strategies must be identified and implemented to address
the separation of coarse particles.

The chapter Core challenge Tailings
was developed based on the work by
Carla Calderón, Manuel Caraballo,
Fernando Concha, Francisco
Herrera, Cristina Ihle, Rodrigo
Moya, Ángela Oblasser, Juan Rayo,
Brian Townley and Luis Valenzuela.
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The copper mining industry extracts large volumes of material, of which only a small
fraction corresponds to the main element of economic interest that one seeks to
recover. Once this material has been processed and the copper and, eventually,
other elements of value have been extracted, waste known as tailings is produced
(comprised of ground rock and water with trace chemical elements and reagents),
which represent between 97% and 99% of the ore processed.
The tailings are transported via pipelines to places especially conditioned for their final
storage in tailings dumps, dams or reservoirs depending on the method used to build
the retaining wall.
A tailings dam's retaining wall is built using borrowed material (quarried material
or sterile material from the mine) and is waterproofed at the top and in the internal
embankment. For its part, a tailing reservoir's retaining wall is built with the coarsest
part of the tailings and also has walls from start to foot, a waterproofed internal
embankment and drains at the bottom. The fine solids settle in the reservoirs and a
clear water lagoon is formed on the surface (Sernageomin, 2013).
Figure 1_ Composition of a tailings dam

Reservoir

Beach
Clear Water

Settled fine solids

Source: Adapted from Sernageomin (2016)

Retaining wall
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Due to declining ore grades in mines that are currently operating, and which are part
of the mining firms’ development projects, they must make greater efforts to extract
increasing volumes of material to maintain their production levels or to grow in line
with market demand, which will result in a proportional increase in the amount of
waste that must be disposed of, either as sterile material or in form of tailings. It is
estimated that the production of tailings could nearly double by 2035. The following
graph presents a projection through 2028 of the relationship between the material
treated and the fine copper contained in the concentrate that is produced.
The 3.1% annual increase in fine copper contained in concentrates means that
treatment of the ore must grow at a rate of 3.6% annually, increasing from 631 million
tons of ore treated in 2013 to 1 billion tons in 2028 (Cochilco, 2018).
Graph 1_ Ore processing and copper production
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Furthermore, tailings are currently a major and growing source of conflict between
companies and communities: 47% of the tailings produced in the country have
complaints against them or some sort of conflict with the population (JRI, 2015), which
presents a significant challenge that must be addressed with the participation of all
stakeholders (mining companies, communities and public sector).
No recent major incidents associated with currently operating tailings dumps have
been reported in our country. The last event of global impact occurred in the 1960s
with the collapse of the mining company Disputada’s Dam No. 2. However, recent
international experience has shown that one of the main risks associated with tailings
dumps involves broken retaining walls and the subsequent flooding of adjacent lands.
Such events can occur as a result of natural events like earthquakes or extreme
storms, especially associated with global climate change, or else due to operational
decisions or design, and they pose a significant risk to surrounding communities.
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In the latest events, common elements have been identified in the dams that had the
incidents and it was found that features such as the construction system (upstream) and
the operational status (inactive), in addition to certain operational controls, could be the
shared factors in these incidents.
Tailings dump failures have been registered between 2015 and 2019, including the
destruction of entire valleys. The catastrophic failure in Brumadinho, Brazil, on 25
January 2019 is a human and environmental tragedy, as the collapse of the tailings dam
released 11.7 million cubic meters of mine waste toward a local city and caused over five
miles of destruction downriver. As of September 2019, 248 people had been confirmed
dead and 22 were missing. This is a clear reminder that, while the mining and metals
industry has come a long way toward improving its operation, much remains to be done
to safeguard lives, improve performance and show transparency.
In this context, the International Council on Mining and Metals (ICMM), the UN
Environment Program (UNEP) and the Principles for Responsible Investment (PRI) share
the commitment to address global best practices for tailings storage facilities, creating
the Global Tailing Review group led by Dr. Bruno Oberle.
Currently the Global Tailings Review1 has established a consultation process on a new draft
Global Standard for tailings that is aimed at preventing catastrophic failures through a
change of state for the industry in risk prevention and safety of tailings facilities.
The prevalence of this type of incidents associated with tailings dumps worldwide must
be kept in mind for the management, design and monitoring of tailings dumps in Chile.
In addition, leakage from tailings dumps, active and inactive, has gained importance
in environmental impact assessment processes. They pose a long-term challenge
for mining operations, as they can cause an impact many years after the deposition
of tailings. Deficient controls and the lack of mitigation of leakage can have negative
effects on public health and people's the quality of life, polluting water bodies and soils
and causing negative impacts on other economic activities such as agriculture and
livestock farming.

1

https://globaltailingsreview.org/
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Table 1_ Recent incidents associated with tailings
deposits dumps

Date

Location

Company

1/25/2019

Brumadinho Dam
Minas Gerais, Brazil

Vale mining company

6/4/2018

Cieneguita Urique Mine
Chihuahua, México

Rio Tinto
(Mining Cluster
of Chihuahua A.C.)

Cadia

Newcrest Mining Ltd.

3/9/2018

New South Wales,
Australia
3/3/2018

Huancapatí,
Recuay Province,
Peru

Mining Company
Lincuna S.A.
(Picasso Group)

2/17/2018

Barcarena
Pará, Brazil

Hydro Alunorte/
Norsk Hydro ASA

9/17/2017

Kokoya Gold Mine
Bong County, Liberia

MNG Gold Liberia
(Redwood Global Inc.)

6/30/2017

Mishor Rotem
Israel

Rotem Amfert Negev Ltd.
Israel Chemicals (ICL)

3/12/2017

Tonglvshan Mine
Hubei Province, China

China Daye
Non-Ferrous Metals
Mining Limited

10/27/2016

Antamok Mine (inactive)
Itogon, Philippines

Benguet Corp.

8/27/2016

New Wales Plant
Florida, USA.

Mosaic Co
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Date

Location

Company

8/8/2016

Villa Dahegou
Henan Province, China

Luoyang Xiangjiang Wanji
Aluminium Co. Ltd.

11/21/2015

Hpakant
Kachin State, Myanmar

Hlan Shan Myonwesu

11/5/2015

Germano Mine
Minas Gerais, Brazil

Samarco Mineração S.A.
(50% BHP Billiton, 50%
Vale)

9/10/2014

Herculano Mine
Minas Gerais, Brazil

Herculano Mineração
Ltda.

8/7/2014

Buenavista del Cobre Mine
Sonora, Mexico

Southern Copper Corp.
Mexico Group

8/4/2014

Mount Polley Mine
British Columbia, Canada

Imperial Metals Corp.

2/2/2014

Dan River Steam Station
North Carolina, USA

Duke Energy

11/15/2013

Zangezur Copper
Molybdenum Combine
Syunik Province
Armenia

Cronimet Mining AG

10/31/2013

Obed Mountain Coal Mine
Alberta, Canada

Sherritt International

11/4/2012

Sotkamo
Kainuu Province,
Finland

Talvivaara Mining
Company Plc

8/1/2012

Padcal Mine
Benguet Province,
Philippines

Philex Mining Corp.

7/21/2011

Mianyang
Sichuan Province,
China

Xichuan Minjiang
Electrolytic Manganese
Plant
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Date

Location

Company

10/4/2010

Kolontar,
Hungary

MAL Magyar Alumínium

6/25/2010

Huancavelica
Peru

Unidad Minera
Caudalosa Chica

2/27/2010

Las Palmas, VII Region,
Chile

Errázuriz Group
Cominor

8/29/2009

Karamken,
Magadan Region, Russia

Karamken Minerals
Processing Plant

4/27/2009

Barcarena
Pará, Brazil

Hydro Alunorte / Norsk
Hydro ASA

12/22/2008

Fossil Plant Kingston
Tennessee, USA.

Tennessee Valley
Authority

9/8/2008

Taoshi
Shanxi Province, China

Tashan Mining Company

1/10/2007

Miraí
Minas Gerais, Brazil

Mineração Rio Pomba
Cataguases Ltda.

11/6/2006

Nchanga,
Chingola, Zambia

Vedanta Resources plc

4/30/2006

Zhen’an county
Gold Mining
Shanxi Province, China

Zhen’an County Gold
Mining Co. Ltd.

Bangs Lake
Mississippi, USA

Mississippi Phosphates
Corp.

4/14/2005

Source: World Information Service on Energy, (2019)
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Lastly, increased scarcity of water and land area available for agricultural use must also
be considered, a particularly critical aspect if we consider the rise in tailings projected
in this scenario. In the future a significant proportion of mining production will take
place in the central region, defined as Regions IV through VI, where the population
density is higher and where there is more competition and concern over the impact
land and water resources.
Figure 2_ Future mining resources in the Central Region
Over 50% of the country's future copper
resources are currently found in Chile's
central region, from the Coquimbo Region
to the O'Higgins Region.
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Source: Scenario Planning Initiative (2014)

El Teniente

Even though progress has been made with the regulatory framework to protect people
and the environment, pending issues remain that must be addressed together with
the authorities, such as leakage and the chemical stability of inactive and abandoned
tailings dumps.
The expected growth in production, together with a scarcity of land for deposition
and the doubts they produce in the community, suggest the need to review current
deposition procedures, evaluate the design methodology for new dumps and find
extraction measures that do away with dumps external to the mine, in addition to seeking
alternatives to mitigate the impact that could be caused by dams currently in operation.

97

04 / Tailings

National Tailings Plan
The Ministry of Mining announced a National Tailings Plan in September 2018 aimed
at a comprehensive approach to active, inactive and abandoned tailings dumps.
Specifically, the policy considers permanent monitoring of the 104 active tailings
dumps, with real-time access for communities and detailed and technical access for
the SNGM and remote oversight. At the same time, for inactive and abandoned tailings
dumps, measures focused on determining their current situation (remote monitoring
and participatory community monitoring), legal status (study of deeds) and risk
(updated methodologies for risk-based prioritization), in addition to measures aimed at
their closure, reprocessing or new uses.
Some of the results of this initiative to date are the Prioritization of tailings,
development of the Environmental Liabilities Compensation Guide in the framework
of the SEA and preparation of the amendment to Supreme Decree No. 248, so that
massive mine waste like tailings can be considered anthropogenic deposits.
Registry of tailings dumps in Chile
Sernageomin regularly updates its registry of the tailings dumps in the country.
According to that information, there were 742 tailings dumps throughout the country in
2019, of which 104 are active, 463 inactive, 173 abandoned, and 2 are under construction.
The following table shows the status of the dumps registered and their distribution in
the different regions of the country.
Table 2_ Status of tailings dumps in Chile by region

Region

Abandoned

Active

Under
construction

I

6

1

-

-

II

16

13

-

22

51

III

23

30

2

106

161

IV

106

32

-

247

385

RM

6

6

-

14

26

V

11

14

-

53

78

3

-

15

19

VI

1

Inactive

Overall total
7

VII

-

4

-

2

6

XI

4

1

-

4

9

Overall total

173

104

2

463

742

Source: Sernageomin (2019)
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The registry establishes the existence of 173 dumps classified as abandoned, a
condition to classify all dumps with no known owner or certificate of origin, or where
there is official or reliable information to indicate that no closure measures were taken.
This situation forces the state to take responsibility for evaluating the structural risk
(stability), to improve it and to determine water leakage, the means for capturing
them and their treatment. For their part, the Atacama and the Coquimbo Regions
concentrate the largest number of active dumps, with over 30 each.
Of the total active tailings dumps, the majority belong to industries that produce
Copper, Copper-Gold and Copper-Molybdenum, with a total of 78 dumps authorized to
store 14 billion m3.
Graph 2_ Number of tailings dumps according to metal produced
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The main tailings-producing mine operations are in the large-scale mining category.
Codelco is the main producer with 28% of the total tailings produced in the country. It
is followed by the company Antofagasta Minerals (AMSA) with 16% and BHP Billiton with
13% (JRI, 2015).
Current production of tailings is concentrated mainly in the northern regions, with
62% of the total. The central region produces 37% of mine tailings, while production of
tailings in the southern region is practically nonexistent (1%).
The main tailings producing mine operations in northern Chile are Escondida,
Chuquicamata, Collahuasi, Caserones, Centinela, Candelaria, Ministro Hales and
Salvador. Regarding central Chile, the main tailings producing operations are Los
Pelambres, El Teniente, Andina, Los Bronces and El Soldado.
The largest operational tailings dumps by authorized tonnage in Chile are, from largest
to smallest: Laguna Seca, Escondida; Carén, El Teniente; Talabre, Chuquicamata;
Ovejería, Andina; El Mauro, Minera Los Pelambres; Sierra Gorda, Sierra Gorda; Pampa
Pabellón, Collahuasi and Las Tórtolas, Los Bronces.
All of the large-scale dumps operating are adequately designed to guarantee their
stability in case of seismic events and/or hydrological ones, as long as they are
operated according to best practices on the subject.
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Figure 3_ Top 10 Chilean tailings dams in operation based
on tonnage deposited (2019)
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In the same context of the tailings dump registry, Sernageomin currently has a Chilean
Tailings Dump Geochemical Characterization Program under way. The source information
is obtained from the surface of the dumps, walls and sediments downstream of the dumps.
As of the last update in January 2019, it had analyzed 2,132 samples corresponding to 580
tailings dumps, with a total of 644 dumps visited. This information is highly useful, both to
determine the possible existence of elements potentially hazardous to the environment and
which currently have an unexploited commercial value.
Effects of climate change on tailings dumps
In 2013 the International Council on Mining and Metals (ICMM) published a report detailing
the effects of climate change on the mining industry. According to the document, Chile has
two areas where mining operations will be exposed to risk. On the one hand, Antofagasta
and Atacama, which already suffer from extremely high water stress conditions, will face
conditions at least twice as severe in the future. On the other hand, the Central Region of
Chile will be prone to become more humid in the future and will have periods with large
amounts of water and high flows due to episodes of heavy rains, seasonal thaws and floods.
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This region in particular is where works face the biggest risks associated to extreme
events that might require changes in the capacity to store tailings and which will affect
the stability of embankments and tailings dams that depend on factors such as the
slope geometry, forces in the base of the wall, material properties, and the location of
the phreatic zone.
Companies are obliged to maintain tailings and waste dumps during the closure period
and thereafter, meaning that these structures must be designed to withstand events
likely to occur only once every few thousand years and which could be inadequate in
the future climate change scenario.
̸ The report examines the options available to mining companies so they can adapt
to the effects of the change. The actions it mentions to eliminate or avoid risks are:
̸ Reinforcing assets to resist future weather conditions (for example, higher
temperatures, episodes of heavy rains).
̸ Modifying engineering design standards, design criteria, and the specifications of
the contract to reflect a changing climate (for example, increased capacity in water
and waste storage dumps).
̸ Relocating or raising assets and operations outside of high-risk areas (such as flood
plains).
̸ Increasing the frequency of maintenance and monitoring of assets that are
sensitive to the climate.
2

Global Tailing Review Initiative

This initiative, launched after the Brumadhino incident, seeks to establish an
international standard for the safe management of tailings storage facilities. The
International Council of Mining and Metals (ICMM), the UN Environment Program (UNEP)
and the institution Principles for Responsible Investment have joined forced to develop
and adopt a standard based on best practices for the management of tailings storage
facilities through an international consultation process and work by experts from
different areas. This standard ought to be operating in early 2020. The details of the
standard will be defined through the review process, but will at a minimum include:
̸ A global and transparent tailings facilities classification system based on
consequences.
̸ Requirements for emergency planning and preparation.
̸ A credible and independent system to guarantee tailings facilities.

2

https://globaltailingsreview.org/
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vision of core challenge

To achieve a global
technological
leadership that,
applied to tailings
management, ensures the
physical and chemical
stability of dumps and
facilitates obtaining
the social license
to operate and thus
guarantees the mining
industry's development
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Codelco
Aerial View of
Los Leones dam
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Challenges,
solutions and
R+D+i lines
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The group of experts that participated in the technical
workshops defined four challenges, based on the background
information evaluated and the vision established for the
Core Challenge: Tailings. Potential solutions and R+D+i
lines were identified for each of them.
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Challenge

01

Dealing with increasing
shortages in water and space
The mining industry has gradually reduced its water consumption, thanks to
technologies that have allowed the deposition of thickened tailings, in paste and filtered.
However, this has not been implemented in a cross-cutting way throughout the industry,
as additional conditions are required so this type of application can be implemented on
a larger scale. In the future, the decline in oxide resources, along with increased sulfide
resources, will increase processing via concentration and therefore contribute to a
significant increase in water consumption.
Currently net freshwater consumption by copper mining is between 0.5 and 0.7 cubic
meters of fresh water per ton of ore processed, with water held in tailings dams and its
eventual evaporation and leakage one of the main reasons for this consumption.
In addition, given the conflicts that scarcity on the surface causes, especially in the
central region, new methods and technologies need to be developed that allow the
mining industry to drastically reduce the area used by tailings dumps or, ideally, dispense
with tailings dumps and production.

Dealing with increasing shortages in water and space.

Solution

01

Efficient use
of the land

R+D+i Lines
Maximize the use of the basin
areas already flooded for
deposition of tailings by
increasing the density of the
pulp to be deposited and/or the
use of rheological modifiers.
Improvement of methods for
depositing filtered or thickened
tailings on top of existing dumps.
Developing the concept of
mining without tailings dumps:
development of new methods that
dispense with tailings dumps
(tailings returned to the mine
or mining without tailings).
Create different production,
transportation and deposition
methodologies that privilege the
return of tailings to the mine.
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Solution

02

Efficient use
of water
resources

R+D+i Lines
Development and improvement
of costefficient methods for
separating solids from liquids
on a large scale for: filtering
and thickening processes.
Use of seawater or lower quality
water for flotation process and
its impact on transportation but
of water as well as tailings,
and for the operation of dumps.
Recovery of water from the
processes prior to the deposition
of tailings.
Development and improvement of
new methods or dry processes
for recovery of minerals with
commercial value.
Development and improvement
of methods for managing water
resources based on their
availability and use on a
watershed level.
Studies to assess the effects
of seawater on dump's operation
(processes and transport) and
stability in short, medium and
long terms.

Source: Authors’ compilation
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Challenge

02

Ensuring the chemical and physical
stability of tailings dumps
The physical stability of dumps is a core issue. A recent review of catastrophic
failings at major tailings dumps internationally reveals that the flaws correspond to
overtopping (erosion), instability in walls and the impact of a major earthquake. These
flaws are normally caused by a combination of things, among which defective design
and construction, lax control in operation and the mistaken calculation of natural
events stand out.
Lastly, the geochemical stability of dumps is normally associated with the potential
movement of contaminants and the production of acid through a chemical reaction
between the tailings, the water and atmospheric oxygen. In this context, a distinction
must be made between dumps that are abandoned, in operation, and those which
are to be built in the future, so strategies can be created to adequately control and
neutralize each of the situations mentioned.
Leakage and its impact on the environment and people represent an ongoing challenge
for operating tailings dumps and the future sustainability of the mining business. In
this sense, developing and improving technologies that can render the tailings inert
before their deposition is indispensable, as is characterizing deposition sites and
sealing them to prevent any contact with underground waters. As a complement,
existing legislation needs to be strengthened to ensure that future tailings dumps
are designed and operated under the concept "zero effective discharge”, both during
operation as well as in abandonment.

Ensuring the chemical and physical stability
of tailings dumps

Solution

01

Monitoring and
ensuring chemical
stability in
design, operation,
closure and post
closure

R+D+i Lines
Improvement of technologies to
control leakage from the base
of the dump prior to tailings
deposition.
Improvement and development
of-cost, simple, efficient and
scalable technologies for the
rendering tailings inert prior
to deposition (pyrite, arsenic,
others).
Improvement of low-cost and
efficient technologies to locate
and monitor leaks.
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R+D+i Lines
Improvement of cost-effective
technologies for the control of
leaks and contact waters during
operation and after closure
(active, passive and combined
methods).
Improvement of technologies
to avoid post-closure leaks,
including the management
of surface waters and their
interaction with the dump and
the waterproofing (covering or
sealing) of dumps.
Improved confidence of models for
the physical-chemical quality of
leaks from tailings dumps.
Development of design verification
technologies on chemical
stability with information
obtained from since the dump's
operation.

02

Monitoring and
ensuring physical
stability in design,
operation, closure
and post closure

Development of new methodologies
to include the concepts of risk
and physical vulnerability
(stability) into the design
criteria applies to all types
of tailings dumps.
Evaluate, agree and standardize
methods that allow making
reliable predictions on the
effect that the collapse of
a tailings dump would have.
Improvement and development of
low cost and high reliability
technologies to characterize the
location of the tailings dump.

108

04 / Tailings

R+D+i Lines
Development of technologies to
facilitate the safe development
of works inside the bowl.
Improvement and development of
technologies to increase the
water recovered from the dump
(in addition to increasing the
tailings storage capacity of
the dump).
Evaluate the impact of climate
change on the physical stability
of existing tailings dumps,
including ancillary works.
Improvement of technologies
to avoid problems of physical
stability and control of
particulate matter on the wall
from wind erosion, especially
after closure.
Improvement of technologies
for the detection and control
of microorganisms that could
reduce the effectiveness of the
drainage system.
Study of physio-chemical models
that relate the chemical
stability and physical stability
of tailings dumps.

03

Control of
particulate matter

Source: Authors’ compilation

Improvement of existing
technologies and the development
of new technologies for the
control of particulate matter,
with the goal being zero emissions.
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The Dam Program, developed under the auspices of the Alta Ley Program's Technology
Roadmap and which is still running, consists in a standardized monitoring and early
warning system for tailings dumps that uses an information management to provide
the stakeholders involved (authorities, mining companies and communities) with
reliable and timely quality information on the performance of dumps in the areas
of physical and chemical stability. Its ultimate purpose is to strengthen preventive
operational management and improve communication and response between parties
in emergency situations.
This program seeks to contribute to the safe operation of tailings dumps in the country,
improving coordination and relations of trust between the different stakeholders
involved through an advanced monitoring system that will endure over time.
For the development of this initiative, led by Fundación Chile, a public-private
cooperation alliance has been formed with the active participation of over 22
organizations and companies. Among the public sector participants, the Ministry of
Mining, the National Geological and Mining Service (Sernageomin), the Environment
Superintendency, the General Water Board and the Interior and Public Security
Ministry's National Emergencies Office stand out. In the private sector, Antofagasta
Minerals, BHP, Codelco, Enami and the National Mining Society (Sonami), in addition to
technology centers (INRIA Chile, AMTC and Dictuc) and consulting firms (Arcadis, BGC
Ingenieros, Valor Compartido), are participating.
The system's design, the selection of instrumentation and the configuration for deployment
in the field, which is being done at Antofagasta Minerals' Mauro tailings dam, has been
completed and is in the process of instrumentation reception for implementation.
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Challenge

03

Promoting conversion of
liabilities into assets
The concept of an Environmental Liability (EL) can be interpreted as "abandoned or
paralyzed mine operations, including their wastes, that constitute a significant risk to
life, public health or the environment" (Sernageomin, 2008), a definition that includes
abandoned or paralyzed tailings dumps.
The conversion of tailings dumps into assets is aimed at using the tailings, or part
of them, as a source of value. While the recovery of elements of commercial value
constitutes a contribution, it does not fully resolve the problem. Alternative uses need
to be found that involve a significant proportion of tailings produced and to just those
elements like copper, gold, molybdenum, iron or others that might be present and
subjected to reprocessing. The adequate management of environmental liabilities
would directly benefit communities and contribute to the future sustainability of the
mining industry.
On the other hand, it is estimated that tailings dumps in Chile contain close to 11
billion tons of fine copper equivalent (Sernageomin) and if their eventual removal and
retreatment managed to retrieve 80% of that amount, it would take advantage of the
equivalent of more than two years of current total production in our country.
Thus, there is a need to analyze ways to profitably exploit that tremendous geologicalmining potential in so-called artificial deposits, as long as that operation is safe and
environmentally friendly.
However, the main issue for exploiting a tailings dump with commercial value is how to
re-deposit the retreated tailings in a safe and low-cost way.

Promoting conversion of liabilities into assets

Solution

R+D+i Lines / Studies

01

Define the technical and
regulatory criteria on how
and when massive mining waste,
specifically tailings, can be
reused for construction or
other purposes.

Investigate
industrial uses
for tailings

Developing industrial uses
for tailings.
Waterproofing and filling of
mining excavations to remove
the remaining reserves and carry
tailings to their source.
Use of tailings in the production
of geopolymers.
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Solution

02

Recovery of
valuable elements

R+D+i Lines / Studies
Improvement and development of
lowcost technologies for the
characterizing tailings for the
recovery of valuable elements.
Improvement and development
of safe and cost-effective
tailings sampling techniques.
Analytical progression from
rare earths and other elements
of interest.
Development and improvement
of technologies for recovering
elements of interest
(reprocessing and recovery
of water and surface area).

03

Use of dump surface
for other purposes

Source: Authors’ compilation

Development of alternate uses
of dumps, such as, for example,
industrial, recreational and
solar energy uses, among others.
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There are currently two initiatives under way for the recovery of elements of value
from the mine tailings, one led by the consortium JRI and Ecometales and the other by
CodelcoTech.
The project by JRI and Ecometales aims to overcome the various shortcomings in the
characterization of deposits, to identify and characterize tailings representatively,
to perform experimental tests for the recovery of elements of value and the
characterization of products and waste, in addition to validating the prototype for the
recovery of elements of value from tailings.
The first stage, corresponding to the scientific-technological development for the
representative characterization of tailings, has already concluded and a manual
for public use (a how-to guide) has been developed by the consortium for the
characterization of a tailings dam. The methodology was applied in three tailing dams
and managed to efficiently correlate the biggest oxides with elements of value present in
the tailings. The second stage of experimental tests for the recovery of elements of value
and to characterize products and waste is under way.
Regarding the project led by CodelcoTech, "Identification, quantification and (bio)
extraction technology for minerals/elements of value contained in tailings dumps, now
known as 'ST, or Sustainable Tailings,'" it considers identification, quantification and
prioritization of high-value elements in active and inactive tailings dumps run by Codelco
and other mines to propose and develop technologies that will generate a business
model for transforming these mining environmental liabilities into assets as part of a
strategy for their exploitation and safe and physically and chemically stable final disposal.
This project's main challenge is to turn environmental liabilities like mine tailings into
assets, creating value for the country through new technologies and products obtained
in a sustainable and safe way, in addition to laying the foundations for future projects
and new investors to include the concept of circular economy into the mining industry,
making Chile a leader of a mining industry that is responsible toward the ecosystem and
respectful toward the Chilean population.
The study on the state of the art for elements of value contained in Chilean tailings is
now complete, along with the study of demand, production and the global market for the
minerals and strategic elements identified, in addition to identifying technologies and
suppliers to process and extract elements of value. On the other hand, the second phase
consisting in the comparison of technologies to perform drilling in tailings dumps and
the selection of tailings for samplings, modeling, study of technologies for the extraction
of elements of value, and the study of stabilization strategies is under way.
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Challenge

04

Fostering community inclusion
and acceptance
As has already been noted, a significant proportion of currently operating tailings dumps
have conflicts with neighboring communities, which is translated into complaints
addressed to the authorities and legal action taken by the population.
Resolving this challenge requires fulfilling the basic condition of giving communities
access to clear and understandable information on neighboring tailings dumps, a matter
that can be addressed by developing special technologies for this purpose.
As a complement, the creation of spaces for participation must be fostered to involve
communities and effectively communicate the progress made in the handling and
treatment of tailings.

Fostering community inclusion and acceptance

Solution

R+D+i Lines

01

Definition of safe standards for
implementing local/operational
networks.

Monitoring and
timely communication
of the performance
of tailings dumps
to all stakeholders

Development of operatorcommunityprocess communications interface.
Improvement and development of
phenomenological models
Development of sensors for
online monitoring of critical
variables.

02

Development of shared
value products

Energy use and new land uses.
Waters for different uses as a
function of their quality.
Capacity-building in communities
to develop business models for
the postclosure phase of the
tailings dump.
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Solution

03

04

R+D+i Lines / Education and outreach

Education of all
actors to level the
knowledge on tailings
dumps, mining culture
and risk management

National education on tailings
dumps and mining culture.

Improve and involve
all stakeholders in
the management of
risks and emergencies

Involvement of local communities
and stakeholders in the
development of emergency plans.

Local education on tailings
dumps, mining culture, technical
aspects and safety.

Standardize criteria for
tailings dump emergency plans.
Prepare local stakeholders for the
implementation of emergency plans.

Source: Authors’ compilation
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The core challenge Smelting and Refining considers the pyrometallurgical treatment
processes to transform copper concentrates into copper metal.

Background

Smelting consists in the treatment of copper concentrate through the processes of
fusion, conversion and refining. The purpose is to separate the mineral from other
substances contained, of which iron and sulfur are the most abundant. This is achieved
through successive stages that produce the commercial products of blister copper and
copper anodes, which have a higher impurity content than copper cathodes. The market
for blister copper is limited and focused on the production of secondary copper, where
it is refined in the recycling of different products. However, this option is not part of the
copper industry's value chain in Chile. Anodes are purified in a subsequent stage called
electrolytic refining, which consists in an electrochemical process to produce highpurity copper cathodes from anodes supplied by the smelting process.
Internationally there is a significant capacity for treatment of concentrates in smelters
and refineries, which has allowed long-term contracts to be signed between concentrate
producers and refiners, which also take advantage of spot treatment of surplus
concentrates from the copper industry. Treatment charges are called TC (treatment
charges) and RC (refining charges) for the smelting of concentrates and electrorefining
of copper, respectively.
In the smelting and refining business, revenues mainly come from treatment and
refining, sales of sulfuric acid and bonds or rewards for the recovery of valuable
elements. The most significant costs are those associated with energy, labor,
maintenance and inputs.
For years, China has been a major player in the production of copper from smelters and
refineries. Chinese production of refined copper totaled 8.95 million tons of copper
in 2018, followed by Chile with 2.46 million and Japan with approximately 1.59 million.
China's dominant position has allowed it to dominate the determination of treatment
charges. The following graph clearly illustrates the evolution of refined copper
production over the past 10 years, taking as a reference the fact that refined copper
totaled 18.2 million tons in 2008 and 23.7 million tons in 2018.
Graph 1_ Global copper production by country: 2009 vs 2018
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China is expected to attain a 40% share of global concentrate processing soon,
which would further strengthen its dominant position in the setting of international
prices and increase the risk for the Chilean smelting industry. It should be noted that
China produced 35.7% of global smelted copper in 2018, followed by Japan with 9.8%
and Chile with 7%.
Regarding the geographic share of copper production, the strong growth in Asia
(with China) from 33% of the total in 1995 to 64% in 2018 is worth mentioning. The
below graph illustrates this evolution between 1995 and 2018.
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Graph 2_ Geographic share of copper smelter production
Africa and Oceania
North America

10%

33%

17%

18%

2000

16%

7%

South America
Europe

16%

China

24%

33%

34%
39%

38%

37%

27%
25%

2018

26%

13%

26%

15%

31%

18%
16%

14%
11%
9%

5%

9%

2017

13%

6%
5%

2016

14%

8%
8%

2015

10%

6%

8%

2010

17%

10%
7%

8%

2005

9%

7%

Asia (without China)

Source: Cochilco (2018)

On the other hand, in addition to the projected increase in Chilean copper concentrate
production, there are the difficulties that copper concentrate trade could face due to
the impurities that it may contain, which could even lead it to be considered a hazardous
substance, mainly thanks to the presence of arsenic.
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Current situation in Chilean smelters and refineries
There are currently seven copper smelters in Chile: five are state-owned (Caletones,
Potrerillos, Hernán Videla Lira, Chuquicamata and Ventanas) and two are private
(Chagres and Altonorte). The technologies they use are flash fusion of concentrate
(instant fusion), Teniente Converter (CT), and Noranda Converter, with the latter two
being bath fusion.
All of them use Pierce Smith converters in the conversion process, a situation that has
been maintained since the start of operations. Fusion capacity using Flash Furnace
technology for fusion of concentrates is the capacity that exists in the Refurbished
Chuquicamata Flash Furnace and the Chagres smelter. The remaining national smelters
operate with CT or Noranda technology. This is detailed in the following graph.
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22,3%
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Graph 3_ Capacities and technologies of Chilean smelters

Total capacity of 7 national
smelters: 6,470 KTPA concentrate.
Chuquicamata - Flash Furnace
Caletones - Teniente Converter
Altonorte - Noranda
Potrerillos - Flash Converter
Chagre - Flash Furnace
Paipote - Teniente Converter
Ventanas- Teniente Converter

Source: Concentrates market: Global situation and national perspective, Expomin (2018)

The performance of smelters can be evaluated as a function of direct operatiing costs,
revenues, level of metallurgical gas capture and the sequester of polluting elements. Some
Chilean smelters are at a disadvantage because of the obsolescence of their facilities, which
has an impact on their high costs, lower availability compared to international standards,
and low recovery levels.
Market conditions also cause labor and energy costs to affect the operating result. In
fact, the energy and labor costs of smelters are indexed to those of mining and not the
manufacturing industry, where they are lower. When the gross margin of the business is
analyzed, the numbers reveal that four of the seven smelters are in the last decile in terms of
global distribution of competitiveness in the business, with negative margins.
Exports in 2018 totaled 3.3 million tons of copper concentrate, 2.38 million tons of copper in
the form of cathodes produced and refined with electrowinning and 221,000 tons of blister
copper. It should be noted that the sale of some concentrate surpluses could be affected
due to their high arsenic content, which makes it fundamental to anticipate the risks of the
concentrates market and to strengthen the country's position in the cathode market.
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Table 1_ Gross margin from smelting of copper concentrates

c/lb Cuf

Costs

Revenues

Margin

Chile

38.5

29.3

-2.88

China

11.6

34.8

4.03

World

20.4

31.1

3.76

Source: Cochilco (2018)

Gross margin is an economic parameter that reflects a business's competitiveness and
is defined as total revenues less net cash costs (excludes the localization factor as it
does not come from efficiency factors bur rather the particular location).
On top of the low level of Chilean smelters’ competitiveness, there is also the
determination of new limits for sulfur emissions (sulfur dioxide, and arsenic), a
standard that was implemented on OECD recommendations that regulations to reduce
SO2 and toxic pollutants be developed.
The regulation establishes that for existing smelters, maximum of SO2 and As
emissions (in tons per year) must include 95% capture and sequestration and it sets
a five-year deadline for compliance that was fulfilled in December 2018. For new
smelters, a more demanding emissions limit is established, equivalent to the capture
of 98% of SO2 and 99.976% of As emissions.
Electrolytic refineries
For their part, the Chilean refineries Chuquicamata, Potrerillos and Ventanas
contribute 6.5% of global installed capacity and 7.9% of global production of electrorefined copper cathodes.
The electrodeposition technologies currently in use are Permanent Cathode and
Starter Sheets. On average, permanent cathode technology uses denser current than
starter sheets (278 and 260 A/m2, respectively). Efficiency of electrical current is an
important operation parameter and, as can be seen in the graphs below, no correlation
can be observed between the current density used and the current efficiency. On the
other hand, there are no major differences in the average current efficiency values for
each of the technologies.
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Graph 4_ Electrodeposition technology (permanent cathodes)
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Graph 5_ Electrodeposition technology (starter sheets)

Source: Amec Foster Wheeler (2015)
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One can see that permanent cathode technology is more productive than starter sheets (see
graphs above). However, there is a significant number of modern starter sheet refineries with
very strong productivity due to the mechanization and automation of operations (average
productivity of 1.4 HH/t cathodes).
Chilean refineries are in an uncompetitive position. They were in the last decile of the
industry in terms of gross margin in 2013-2018, in which they registered negative numbers.
Table 2_ Smelter gross margins

Refineries

Direct cost

Total revenues

Cash margin

Average (c/lb Cu)

Average (c/lb Cu)

Average (c/lb Cu)

China

3.32

18.50

15.17

World

4.85

13.37

8.52

Chile

9.95

9.36

-0.59

Source: Cochilco (2018)

In this context, Chile, as the world's leading producer of refined copper, must defend
its position in the global market through the sale of cathode copper, which has
advantages over the sale of concentrate due to:
̸ Possible restrictions on concentrate exports via maritime transport.
̸ Possible increases in treatment and refining charges due to Asian smelters’
negotiation power.
̸ Rewards obtained from the quality of cathodes, rather than discounts and
additional costs from shipping concentrates.
̸ Additional revenues from the recovery and sale of valuable metals contained.
It should be noted that Chinese smelters' business structures include the sale of
diverse products, thanks to the recovery of different elements of value present in
concentrates. This recovery and the associated processes account for up to 20% of
their profits1.

1

NERIN, Smelters Seminar IIMCh, 2018
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To make progress in the aforementioned direction requires upgrading existing
operations to emerge from the state of technological obsolescence they are in or
replacing facilities to make them world-class operations with low operating costs
and high levels of sequestration that comply with current and future environmental
regulations.
In particular, we must aspire to all smelters possessing an electrolytic refinery,
something normal and desirable worldwide, which would allow the operational
synergies (treatment of anode scrap and byproducts) to be taken advantage of in a
better way and for savings to be made on shipping.
The northern part of the country (especially the Antofagasta Region) has a need
to deal with complex concentrates that face sales restrictions, especially if one
considers the tremendous volume that will come from Underground Chuquicamata.
This scenario opens the opportunity to transform smelters into specialized centers
for the treatment of this type of concentrate.
Lastly, it is worth mentioning that, with an annual production of 1.488 million tons of
anodes, Chile could use 100% of its refining capacity, which totals 1.224 million tons
of cathodes.
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vision of core challenge

To attain a global
technological
leadership that, when
applied to industrial
design and operation,
facilitates obtaining
the community's
acceptance to operate
to high performance
standards that
guarantee a minimum
economic margin in
the second quartile
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Challenges,
solutions and
R+D+i lines

The group of experts that participated in the technical
workshops defined three challenges, based on the background
information evaluated and the vision established for the Core
Challenge Smelting and Refining. All solutions identified,
with their respective R+D+i lines, apply to more than one
challenge. There are cases in which R+D+i lines are added
in consideration of the challenge at hand. For example: the
solution “High level of capture and treatment of complex
concentrates” is pertinent to Challenges 1, 2 and 3.
This solution contains three R+D+i lines for Challenge No.
1, to which a line of R+D+i is added when the solution is
proposed in the context of Challenge No. 2 and two lines
of R+D+i when the solution is proposed in the context of
Challenge No. 3.
Solutions and R+D+i lines are detailed below.
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Challenge

Increasing the efficiency of smelting
and refining processes

01

Chilean smelters show important deficiencies that can be explained by a low fusion
capacity compared to the volume of concentrates produced, low copper recovery rates
and an insignificant recovery of byproducts and energy. This, together with the process's
high unit cost, creates a scenario in which one of the main challenges is to make
smelters more efficient. The table below compares the parameters of Chilean smelters
with those of other countries to identify the productivity gaps.
Table 3_ Productivity gaps of Chilean smelters

Parameter

Unit

Smelters
Chinese

Smelters
Japanese

Smelters
German

Smelters
Chilean

Fusion
capacity

KTS/year

1,000 - 1,500

1,200

1,200

320 - 1,000

Sulfur
capture

%

98

99

98.5

95

Unit costs

cUS$/lb

13

18

19

22-40

Copper
recovery

%

98 - 98.5

98 - 99.5

98

95 - 97.3

Energy
recovery

Yes/No

Yes

Yes

Yes

No

Recovery
of other
metals

Yes/No

Yes

Yes

Yes

No

Source: Authors’ compilation
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Increasing efficiency of smelting and refining processes

Solution

01

Minimal loss of
copper and other
metals of value

R+D+i Lines
Continuous conversion with solid
white metal.
Instrumentation and expert
control system for bath smelting
furnaces.
Slag cleaning.
Automation mechanization and
robotization of refineries.
Recovery of valuable metals
(Mo, Re, U, Ge).
Recovery from smelting dust and
anode sludges.
Use of High-Pressure Nozzles in
bath smelting furnaces.
Molten layer technology.

02
03

High capacity
equipment

Continuous conversion with solid
white metal.

Minimum processes
and unit operations

Continuous conversion with solid
white metal.
Use of High-Pressure Nozzles in
bath smelting furnaces.
New continual electro-refining
process.
Direct-to-blister furnace.

04

High level of capture
and treatment of
complex concentrates

Instrumentation and expert
control system for bath smelting
furnaces.
Use of High-Pressure Nozzles in
bath smelting furnaces.
Packed-bed technology.
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Solution

05

Intense
mechanization,
automation,
robotization

R+D+i Lines
Continuous conversion with solid
white metal.
Instrumentation and expert
control system for bath smelting
furnaces.
Automation mechanization and
robotization of refineries.

06

Continuous
processes

Continuous conversion with solid
white metal.
Automation mechanization and
robotization of refineries.
Use of High-Pressure Nozzles in
bath smelting furnaces.
Direct-to-blister furnace.
New continual electro-refining
process.

07

Minimum waste
produced and other
byproducts gained

Slag cleaning.
Recovery of valuable metals
(Mo, Re, U, Ge).
Recovery from smelting dust and
anode sludges.
Control of impurities.
Control of Sb and Bi in refineries.

08

Good work conditions
and Advanced human
capital

Automation mechanization and
robotization of refineries.
Control of impurities.
Control of Sb and Bi in refineries.

Source: Authors’ compilation
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Challenge

02

Reducing the environmental impact
There are significant gaps in sulfur and arsenic sequestration, which poses a major
environmental challenge for Chilean smelters. The need to increase sequestration to
equal the levels achieved in other countries has resulted in a new regulation (Decree
No. 28 of 2013) establishing a new sequestration level of 98% (SO2 and As) for future
facilities.

Reducing the environmental impact

Solution

R+D+i Lines

01

Continuous conversion with solid
white metal.

Minimal loss of
copper and other
metals of value

Instrumentation and expert
control system for bath smelting
furnaces.
Recovery of valuable metals
(Mo, Re, U, Ge).
Recovery from smelting dust and
anode sludges.
Slag cleaning.
Automation mechanization and
robotization of refineries.
Molten layer technology Use of
High-Pressure Nozzles in bath
smelting furnaces.

02
03

High-capacity processing
equipment and long
campaigns

Continuous conversion with solid
white metal.

High level of capture
and treatment of
complex concentrates

Instrumentation and expert control
system for bath smelting furnaces.
Automation mechanization and
robotization of refineries.
Packed-bed technology Use of
High-Pressure Nozzles in bath
smelting furnaces.
BBF treatment of concentrates
high in As.
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Solution

R+D+i Lines

04

Recovery of valuable metals
(Mo, Re, U, Ge).

Minimum waste
produced and other
byproducts gained

Recovery from smelting dust
and anode sludges.
Slag cleaning.
Control of impurities.
Control of Sb and Bi in refineries.

05

Good labor conditions
and Advanced Human
Capital

Automation mechanization and
robotization of refineries.
Control of impurities.
Control of Sb and Bi in refineries.

Source: Authors’ compilation
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Challenge

03

Improving working conditions
The incorporation of new technologies in the smelting and refining processes has a
direct impact on the challenges posed above, in addition to contributing to improved
working conditions for workers in operations. Manipulation of molten material poses a
risk to the workers involved in the process, meaning that eliminating the current gap
in the accident rate, mainly explained by the existence of multiple non-continuous
processes in operations, constitutes a major challenge to be addressed.

Improving working conditions

Solution

01

Minimum processes
and unit operations

R+D+i Lines
Recovery of valuable metals
(Mo, Re, U, Ge).
Recovery from smelting dust and
anode sludges.
Slag cleaning.
Control of impurities.
Control of Sb and Bi in refineries.

02

Intensive
mechanization,
automation,
robotization

Continuous conversion with solid
white metal.
Instrumentation and expert
control system for bath smelting
furnaces.
Automation mechanization and
robotization of refineries.

03

High level of capture
and treatment of
complex concentrates.

Instrumentation and expert
control system for bath smelting
furnaces.
Automation mechanization and
robotization of refineries.
Packed-bed technology Use of
High-Pressure Nozzles in bath
smelting furnaces.
BBF treatment of concentrates
high in As.
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Solution

R+D+i Lines

04

Automation mechanization and
robotization of refineries.

Good labor
conditions and
advanced human
capital

Control of impurities.
Control of Sb and Bi in refineries.

05

Minimal loss of
copper and other
metals of value

Continuous conversion with solid
white metal.
Instrumentation and expert
control system for bath smelting
furnaces.
Recovery of valuable metals
(Mo, Re, U, Ge).
Recovery from smelting dust and
anode sludges.
Slag cleaning.
Automation mechanization and
robotization of refineries.
Molten layer technology.
Use of High-Pressure Nozzles in
bath smelting furnaces.

06

High-capacity
processing equipment
and long campaigns

Source: Authors’ compilation

Continuous conversion with solid
white metal.

Hydrometallurgy was developed based
on the work by Sergio Castro,
Humberto Estay, Fernando Flores,
Miguel Meza and Juan Carlos Salas.
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core challenge
hydrometallurgy

The chapter Core challenge
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Background

Copper hydrometallurgy is the recovery of the metal contained in ores, oxides as well as
sulfides, using processes in an aqueous phase. Copper extraction methods have evolved
in both the form of treatment as well as in deposition for aqueous extraction, beginning
with vat leaching, agitated leaching and heap leaching. Lately, development has led to
onsite leaching. The processes of metal purification and reduction, solvent extraction
and electrowinning have also followed a path of sustained improvement, especially in
terms of the technological availability to increase the recovery level.
Another aspect is the relatively recent implementation of leaching solutions high in
chlorides, which in some cases are associated with the use of seawater in mining. The
use of seawater has made the leaching of secondary sulfides viable and efforts continue
to address the limitations of primary sulfide leaching.
Graph 1 provides a schematic illustration of the technologies applied as a function of
total copper ore grade and average ore particle size:
Graph 1_ Grade of copper feed as a function of particle size
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Source: Authors’ compilation

The above graph shows that selection of the type of leaching process to be used is a
function of the ore grade of the feed and the particle size. It should be noted that the heap
leaching and dump leaching are aimed at treating low-grade materials.
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Figure 1_ Simplified diagram of hydrometallurgical process
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Oxides are formed close to the surface, as they are produced from a deposit's
oxidation process. Therefore, they are the first to be exploited. These resources
have begun to run out in Chile, meaning that, regarding contents of value, long
term projections aim at the development of a national mining industry based on
the exploitation of low-grade sulfide mining reserves. In effect, Graph 2 shows the
decline in Chilean copper produced with electrowinning after 2009.
Graph 2_ Copper production in Chile with hydrometallurgy solvent
extraction and electrowinning
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Mining companies’ project portfolios and future development plans are heavily based on
maximizing mines that are currently operating (brownfield projects). In many of them,
the deepening of mines leads to the need to process sulfide resources, some with low
ore grades. This translates into a marginal contribution from sulfide exploitation. This,
together with declining ore qualities, both in terms of ore grades as well as their leachable
qualities, has led to forecasts that just 12% of projected copper production in 2025 will be
cathodes produced through electrowinning, thus resulting in significant idle capacity at
electrowinning plants.
Graph 3_ Copper production in Chile
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Compared to the grinding and concentration processes normally applied to sulfide
ores, hydrometallurgy still faces some technological challenges to be resolved, such
as the recovery of copper and other elements of value like precious metals and
molybdenum, and the kinetics of its processes which can reach months of processing.
Considering the differentiating aspects of hydrometallurgy, in addition to the
economic indicators that have made the exploitation of increasingly lower-grade
deposits possible, there is a need for this line of production to continue development
to address the challenges mentioned above. Along these lines, there is clearly a crucial
need to endow hydrometallurgy with technologies that allow it to increase its efficiency
in terms of copper recovery times.

139

06 / Hydrometallurgy

In addition to this, it must be kept in mind that energy is the most important input in terms
of the hydrometallurgical process's costs. Depending on the purchase price, it represents
between 25 and 30% of the total, with between 80% and 90% of this cost attributed to
the electrowinning process. On the other hand, water consumption in hydrometallurgy
is relatively low (0.11 m3 per ton of ore) when compared to the grinding and flotation line,
which reaches 0.45 m3 per ton of ore.
It should be noted that significant productivity gains could make the exploitation of
some marginal resources that are not currently considered within resource inventories
profitable. In other words, the development of technological step changes could turn these
liabilities into assets.
Furthermore, hydrometallurgy is a feasible pathway for the treatment of copper
concentrates, especially complex ones. There are currently industrial facilities that
demonstrate this possibility, albeit normally associated with the unique features of a mine,
such as the existence of idle SX/EW capacity and the acid neutralization possibilities
produced. In sum, currently hydrometallurgy of concentrates is a less mature technological
alternative than pyrometallurgy, but it continues to progress toward the consolidation
of processes. In addition, the medium-term expectation is for the synergy between the
two processing lines to intensify, for example in the areas of arsenic waste treatment or
treatment of mine effluents and waters.
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vision of core challenge

To become a world
leader in the
operation of
hydrometallurgical
plants through
high standards
of operational
efficiency,
productivity
and social and
environmental
sustainability
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Antofagasta
Minerals
Minera Michilla
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solutions and
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Based on the information and the vision established for this
core challenge, the group of experts who participated in
the technical workshops defined the following challenges and
identified possible solutions and R+D+i lines.
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Challenge

01

Environmental protection and social
responsibility
A very important issue is related to the need for a “social license” to operate, for
communities to accept operations, something that is only obtained through full
compliance with environmental regulations. Because of this, adequate handling of
hydrometallurgical wastes is a fundamental activity for the industry.

Environmental protection and social responsibility

Solution

R+D+i Lines

01

Sustainable waste management.

Handling of solid,
liquid and gaseous
wastes

Source: Authors’ compilation

Use of bioprocesses.
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Challenge

02

Increased productivity
Improving the efficiency of processes, both in terms of the kinetics of copper
extraction as well as the consumption of acid and energy, is and will continue to be a
very important matter for dealing with declining ore grades, and the presence of acid
consuming varieties.

Increased productivity

Solution

01

02

R+D+i Lines

Reducing energy and
water consumption

Reduced consumption of energy in
electrowinning and water in the
global process.

Development of new
technologies

New leaching, solvent extraction
and electrowinning process.
Temperature control of
hydrometallurgical processes.

Source: Authors’ compilation
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Challenge

03

Increased mineral resources and reserves

The existence of altered materials with a low presence of soluble copper, the appearance
of clays that affect the percolation of leaching pads and refractory copper ores (primary
sulfides of the chalcopyrite type), which are important aspects that must be dealt with in
productive operations.
In this context, the base of mineral resources and reserves will continue to heavily
determine productivity and the business outlook, which is why it is of the utmost
importance that more efficient, versatile treatment methods become available and
which are capable of responding to ore variability.

Increased mineral resources and reserves

Solution

01

Use of future idle
capacity

R+D+i Lines
Leaching of low-grade ores and
gravels.
Concentrate leaching.
Leaching of white metal and
smelting dusts.
Leaching of altered ores, clay
soils, the producers of fines.
Onsite leaching.

02
03

Recovery of copper and
precious metals

Recovery of precious metals.

Development of new
technologies

New leaching, solvent extraction
and electrowinning process.

Source: Authors’ compilation

The prioritization of challenges and solutions for this core challenge revealed that the
leaching of low-grade ores and copper concentrates will be the focus of development.

The chapter Core challenge Green
mining was developed based on the
work Marcela Angulo, José Araneda,
Jorge Bravo, Graciela Budinich,
Julien Colas, Rossana Gaete,
Carlos Gajardo, Andreina García,
Fernando Hentzschel, Gustavo Lagos,
Koen Langie, Rodrigo Mancilla,
Romela Marín, Isabel Marshall,
René Martínez, Verónica Martínez,
Macarena Montané, Ignacio Moreno,
Hector Painevilo, Grecia Perez
de Arce, Sebastián Pérez, Victor
Pérez, Sebastián Pilasi, Iván
Piñeyro, Germán Quezada, Juan
Rivadeneira, Ana María Ruz, Iván
Valenzuela and Alejandra Wood
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The United Nations adopted the 2030 Agenda for Sustainable Development in 2015, an
opportunity for countries and their societies to embark on a new path to improve the
lives of all, without leaving anyone behind. The Agenda sets 17 Sustainable Development
Goals (SDGs), which include issues ranging from the elimination of poverty to fighting
climate change, education, gender equality, environmental defense, and the design of
our cities1.
The mining industry has a real potential to contribute to most of the SDGs through
participation by public and private companies in increasing the integration of the
communities that host their operations. The sustainability reports of all companies
currently include the SDGs and they have made significant progress toward identifying
and prioritizing them. In mining, productive operations have the potential to contribute
to a number of SDGs because of the multi-sector impact that its companies and
operations can have on communities, ecosystems and economies.
Figure 1_ Mining and its relationship with SDGs, UNDP 2016
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Mining and its relationship with SDGs
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Source: Mapping Mining to the SDGs: An Atlas NOV 2016 UNDP

1

SDG Environmental Report (2018)

Direct

149

07 / Green mining

Mining activities often have consequences for the environmental sustainability
of land, water, the climate, flora and fauna, in addition to those who depend on
these resources. Mining activities require a large amount of energy and generate a
significant amount of emissions, meaning that there is an opportunity to increase
efficiency and expand access to energy, as expressed in SDG 6 (clean water and
sanitation) and SDG 15 (Life on land ecosystems). Mine construction and operation
require access to the land and water resources, which requires mitigating or avoiding
the impacts considered in SDG 7 (accessible and unpolluting energy) and SDG 13
(climate action).
The direct benefits received from implementing the SDGs, in addition to the
sustainability standards that consider them, are reflected in energy storage
systems, resource recovery (recycling), energy efficiency, mine rehabilitation, shared
infrastructure and electromobility, among others.
The current trend in global metals markets is the establishment of a conceptual
framework for the responsible supply of minerals and metals that seeks to get mining
companies that operate throughout the value chain of the metal to provide evidence
that the minerals they supply to the market were produced in geographical regions
free of conflict, using the best corporate responsibility practices and standards2.
In the international context, the shift to low-emission energies for the fulfilment
of climate change objectives to limit global warming to 1.5 degrees before 20203
will increase demand for conductive metals such as copper, in addition to a more
pronounced decline in countries' emissions rates. Clean energies such wind and solar
power require a guaranteed supply of raw materials for their production.
On the national level we have strategic advantages like access to water and energy
resources, in addition to the availability of geological resources such as copper,
iron, gold, silver and lithium to supply the demand for metals to develop clean energy
technologies4.
The industry has reached a consensus on the need to move toward a "green
mining" that promotes energy and water efficiency in mine operations, reduces its
environmental footprint of the product's life cycle and minimizes social impacts. At
the same time, green mining should develop control and measurement methods that
consider the special characteristics of operations, process automation, improving
work, guaranteeing worker safety and establishing circular economy practices in
organizational culture.

2

London Metal Exchange (LME). October 2018. Responsible Sourcing: LME position paper.

3

IPCC Special Report on Global Warming of 1.5°C, The Intergovernmental Panel on Climate Change, UNEP, WMO 2018 https://
www.ipcc.ch

4

International Bank for Reconstruction and Development/The World Bank. 2017. The Growing Role of Minerals and Metals for a
Low Carbon Future.
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It is indispensable for the supply chain for the responsible supply of metals to have
traceability methodologies for the relevant variables and performance indicators in the
areas of sustainability, for mining companies to certify their responsible production.
In this context, the core challenge Green Mining has initially established 5 relevant
issues to be addressed and which constitute the current and medium-term challenges
of Chilean mining, namely:
̸ Making efficient use of energy and encouraging the use of clean energy in mining
̸ Making efficient use of water resources in mining operations
̸ Application of circular economy throughout the value chain in operations
̸ Improving workplace safety and occupational health conditions for workers
̸ Minimizing the environmental impacts on communities
Green mining addresses only a part of sustainable mining development, the portion
short- and medium term efforts can be focused on to generate medium term results
that allow a gradual and permanent change in improvements in the aforementioned
areas to be generated.
Figure 2 illustrates the concepts described, incorporating the need to establish
methodological standards for control, monitoring, and compliance with plans through
the traceability of mining processes and activities.
Figure 2_ Diagram of the concept of Green Mining

Consumers

Market
Efficient
use of
water
resources

Minimizing
carbon
footprint

Circular
mining
Traceability

Trade
associations

Organizations
civil society
Minimizing
environment
al impacts

Improving
working
conditions

Companies

Source: Adapted from the Green Mining Committee, Ministry of Mining (2019)
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Efficient use of energy and encouraging the use of clean energy in mining
Energy is an important input in the mining industry that represents between 18
and 25% of production costs, depending on the operation. Mining uses fossil
fuels and electric power in its operations, hence the need to make efficient use
of these resources to reduce direct costs, on the one hand, and to reduce the
carbon footprint on the other. Large-scale mining is making efforts to decrease the
intensity of energy use in operations and, at the same time, to incorporate energy
from renewable sources.
Efficient use of water resources in mining operations
Water is a strategic and critical input in mining industry operations for the
processing of sulfide and oxide ores. Mining uses continental water resources and
seawater, with sustained growth seen in the latter due to the scarcity of inland
water resources and increasingly demanding restrictions on their use.
Circular economy in operations
Large amounts of waste are produced in each of the production stages throughout
the copper mining value chain, from extraction to the manufacture of products.
There is massive liquid, solid and gaseous mining waste, such as sterile material or
ballast, tailings, slag, metallurgical gases and refining solutions, among others. In
addition, part of this waste has potential value and some could be used in the same
operations or in other industries. These include mine truck and road tires, oils and
greases and over 100 minor wastes.
Improving workplace safety and occupational health conditions for workers
While the accident and fatality rates at mining operations have fallen substantially,
there is still room and shortcomings that need to be improved to achieve the goal of
zero accidents. On the other hand, work environments have also improved, tending
to minimize the effects on mine workers, with less of an impact ton their health and
physical conditions. Despite this, there are still occupational diseases that must be
eradicated with the advent of technology and a cultural shift in organizations.
Minimizing the environmental impacts on communities
Together, the authorities, mining industry and communities have moved
progressively toward reducing or eliminating environmental vulnerabilities in
places close to towns and cities. In this context, progress has also been made in
sustainable development of mining operations and neighboring communities,
which has tended to create favorable conditions for both in a collaborative
environment. However, special care is required in a joint effort to eradicate
certain vulnerabilities that affect coexistence and could generate unintended
environmental impacts.
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Green Mining in the Chilean copper industry
Chile is the world's leading copper producer and the country has some of the largest
reserves of the metal5. This leadership includes the application of high standards
in various areas of mining activity to maintain its socio-environmental license to
operate, which has put the industry in a place of privilege both nationally as well as
internationally.
Currently sustained and virtuous growth of mining is imperative, one that distributes
its benefits fairly and prevents, mitigates and compensates its environmental impacts,
operating with full respect and responsibility toward the rights of local communities.
Our country has the necessary conditions to implement a green mining industry that
reduces the environmental impact, encourages clean energies for greater energy
efficiency in the mining production process (value chain), optimizes the use of water
resources, recovers and recycles elements of interest and incorporates enabling
technologies to significantly reduce the environmental footprint of the copper
mining industry.
The key performance indicators of the Chilean mining industry in the framework of
the green mining are presented in the figure below. These are some of the variables
that need to be monitored and an improvement is expected in terms of efficiency,
emissions, water use and recirculation, among others.

5

Sernageomin Mining Yearbook, 2016
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Figure 3_ Main sustainability indicators for Chilean mining
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294,000 tons, or 46% of the total
such waste produced in the country

Direct Greenhouse Gas Emissions
from Chilean copper mining total
5,491 KT CO2 EQ, which represents
4.9% of the national total

Water consumption in the mining
industry accounts for 3% of the
national total (2018), for a total
of 16.1 m3/s (20% seawater and 80%
continental)

On the national level,
the recirculation rate in
concentrator plants is 76%.

Source: Authors’ compilation based on CNE, Cochilco, DGA, MMA, RECT-SMA.
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vision of core challenge

To lay the
foundations to put
Chilean mining
on the global map
as a world leader
in green mining
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To promote a focus
that takes sustainable
development goals
into account,
that incentivizes
innovation and energy
and water efficiency
while simultaneously
promoting the use of
renewable energy,
excellence in processes
and adding value to the
chain of production,
incorporating waste
treatment to produce a
circular economy
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Minerals
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Challenges,
solutions and
R+D+i lines

The group of experts that participated in the technical
workshops defined four challenges, based on the background
information evaluated and the vision established for the Core
Challenge Green Mining. Potential solutions and R+D+i lines
were identified for each of them.
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Challenge

Energy and water sustainability,
carbon footprint

01

Given that copper a great facilitator of future energy development, copper production
must be responsible and sustainable in terms of the consumption of raw materials like
fossil, water and mineral resources, in addition to its gaseous emissions, including
greenhouse gases (GHG), and liquid and solid waste.
In terms of energy, the trend expected for the next 10 years is for an increased
consumption of desalinated water and seawater, in addition to rising energy demand
from concentration plants, which will increase from the current 50% of energy
consumption to 70%. Both situations will mean significant increases in energy
consumption. In this context, the mining industry's closest link is in the adoption of
renewable energies and energy efficiency measures. As an energy consuming sector,
its biggest contribution and opportunity for innovation is to promote sustainable
sources of supplies, implement renewable energies in production processes and make
an optimal use of this energy to minimize its impacts.
Energy consumption in mining
Copper mining's energy consumption totaled 176.7 PJ in 2018, up 4% over 2017. This
consumption is broken down into 82.59 PJ of energy from fuels and 94.15 PJ from
electricity consumption. Fuel consumption was up 0.9% and electricity 6.9% in 2018
compared to the year before.
The below graph shows electricity and fuel consumption in the copper mining industry
from 2001 to 2018.
Graph 1_ Energy consumption and production of fine copper
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As the graph shows, there has been a sustained increase in fuel and electricity
consumption. One can see that the annual average growth rate for fuel was 6.22% in that
18-year period. However, electricity consumption grew by 5.51% annually in the same
time. For its part, the fine copper equivalent produced in the same period only increased
by 1.28% per year.
This increase in fuel consumption is to a great degree explained by the greater distances
that sterile materials need to be hauled, the greater distances to the primary crushers
and the greater depths of the mine pits, which together have required more energy to
transport ore and materials. In this context, the mine pit accounts for 80% of the total
fuel used by mining operations, followed by smelters with 8%.
Therefore, declining ore grades and harder ores from primary deposits require crushing
and grinding equipment to demand more electricity, resulting in a sustained increase in
consumption. In this case, on average concentration operations consume around 57% of
electric power in operations.
It should be noted that the overall intensity of energy consumption in all forms, measured
as the amount of energy to produce a unit of fine copper equivalent, increased
remarkably from 2001 to 2018, at an average rate of 3.7% per year, as illustrated in the
graph below.
Graph 2_ Intensity of energy use
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As Graph 3 shows, mine operations are what use the largest proportion of fuels, for the
transportation of sterile material and ores, followed by the smelting of concentrates
and the hydrometallurgy line. For its part, electric power is mostly used in the
concentration process and in electrowinning operations.
Graph 3_ Energy use in processes
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Graphs 4 and 5 show that of the 82.6 PJ of fuel energy consumed in 2018, 80% was
used in the mine and 8% in concentrate smelting operations. As far as electricity is
concerned, 55% is for ore concentration and 21% for hydrometallurgical operations.
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Refining 2%
Concentration 1%

LX / SX / EO 4%

Services 5%

Smelting 8%

Mine 80%

Graph 4_ Fuel consumption in mining processes

Source: Cochilco (2018)

Source: Cochilco (2018)
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Graph 5_ Electricity consumption in mining processes
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Figure 4 below shows the sources of growing energy consumption for fine copper
production in the country.
Figure 4_ Diagram of energy consumption processes and higher
demand ratios
Growth in energy consumption greater than growth in production
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Source: Cochilco (2019)

Meanwhile, projected accumulated demand for electric power to satisfy the expected
consumption of the copper mining industry between 2019 and 2029 is shown in Figure
6. Demand will increase fourfold in this period, for the reasons explained below.
Graph 6_ Projected accumulated demand for electric power (MW)
required by the copper mining industry 2018-2028
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The increased consumption in the sector is determined by:
̸ A rise in the proportion of concentrates, which will represent 67% of the total in
2029, together with a decline in the production of cathodes.
̸ Increased energy demand for desalination processes and to pump seawater,
which will go from 4% to 10% by 2029, thus becoming the second highest source
of electricity demand.
It should be noted that in terms of energy sustainability, two projects are under way:
̸ Hydrogen-Diesel dual combustion system for mine trucks
̸ Electromobility for mining using fuel cells
Water Use in mining
Water is considered a strategic resource in the mining industry due to the rising use
restrictions in a context of lower supplies and, consequently, higher costs to obtain it.
According to Data from Cochilco (2018), total water consumption will increase 50%
between 2018 and 2029, reaching a total of 25.35 m3/s. However, it is projected that
increasing amounts of seawater will be consumed and that it will reach 10.82 m3/s in
2029, up 230% compared to the 3.28 m3/s consumed in 2018.
Graph 7 below shows the evolution of projected freshwater and seawater consumption
in copper mining for the period 2018-2029
Graph 7_ Evolution of water consumption by source
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In terms of regional consumption, the Antofagasta Region is the one that has varied its
consumption of seawater and continental water the most, reducing the latter by 55%.
It was also down in the O'Higgins Region, but by 13.4%6.
Regarding seawater, a considerable increase is expected, mainly explained by
initiatives in the Antofagasta Region. Diverse desalination plants will be commissioned
or expanded in this time, such as those run by BHP for Escondida and Spence,
Codelco's Northern District, the Centinela plant to supply water to Antofagasta
Minerals' Centinela District project, and extraction of seawater for the possible
expansion of Sierra Gorda, operated by KGHM. The use of seawater in this region is
expected to grow by 248%, at an average annual rate of 11.7%7.
Seawater consumption in Antofagasta will reach 7.8 m3/s by 2029, or 248.5% more
than it was in 2018. The Atacama Region is in second place and will consume 1.7 m3/s
in 2029, up 230% over 20188.
In terms of processes, concentration will continue to consume the most water
and will experience a 75% increase by 2029, while consumption will fall in the
hydrometallurgical process. One must consider that in the future a smaller number of
projects in the copper hydrometallurgical area are projected due to the depletion of
leachable ores.
It should be noted that the projects accounting for almost half of the increased
consumption of seawater by 2029 are probable, potential or possible, meaning that
a certain amount of uncertainty surrounds their materialization. The consumption
of seawater according to projects' stage of development shows a similar situation,
as projects in operation would account for just 45% of consumption by 2029.
Regarding the use of water according to the status of environmental permits, 63%
of consumption by 2029 would be for projects that are up to date with environmental
processes9.
The use of seawater, desalinated or directly in mining and metallurgical processes,
allows the use of continental waters from different sources to be replaced and in
that way helps to improve the industry's sustainability regarding its environment and
neighboring communities. It is important to promote the use of untreated seawater
directly, as Minera Centinela is doing, or to treat it partially instead of promoting the
use of desalinated water, especially for new operations. Many adjustments would have
to be made to those already in operation and they may not be feasible10.
Regarding future developments, at least 12 new projects using seawater are planned,
considering expansions and replacement of existing systems. Most of them are located
in the Antofagasta and Atacama Regions and are associated with 24 mining projects,
indicated in Figure 5.

6

Cochilco: Forecast of water consumption in copper mining 2017-2028

7

Ibid.

8

Ibid.

9

Ibid.

10 Atacama Seawater: Opportunities and progress made for the sustainable use of seawater in Mining Luis Cisternas, Edelmira
Gálvez, Yanett Leyton and José Valderrama
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Figure 5_ Projected desalination plants and mining projects
operational in 2029
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When analyzing current operations and future projects with seawater, the close
relationship between the use of seawater and energy consumption must be
considered, as in one way or another the water shortage obstacle is transferred to an
energy problem. The cost of water inevitably become an energy cost. This highlights
the importance of greater integration between water and sustainable energy, in which
the reuse of water, combined with comprehensive basin management, could provide
a solution to the shortages observed in highly vulnerable watersheds located in arid
environments11.
At the same time, it is important to consider the unique features of each operation and
its environment in defining water supplies; using seawater is not always technically,
economically or socially feasible. The location of operations is vital to the analysis, as
not all can be supplied with seawater. The solutions to this challenge are presented in
the following table

Energy and water sustainability, carbon footprint

Solution

01

Efficient production
of copper and
byproducts with
minimum carbon and
water footprint

R+D+i Lines
Improved technologies for the
control of GHG emissions.
Optimized routes for transport
of materials and inputs for
products throughout the
value chain.
Improvement of cost-efficient
and sustainable technologies
for energy generation and for
the control and recovery/
recirculation of water
during operation.

11 Atacama Seawater: Opportunities and progress made for the sustainable use of seawater in Mining Luis Cisternas,
Edelmira Gálvez, Yanett Leyton and José Valderrama
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Solution

R+D+i lines

02

Energy efficiency and fuel
substitution focused on ore
transportation (trucks and
conveyor belts).

Energy efficiency
and substitution
of fossil fuels

Improved confidence of models
for predicting consumption in
different operation scenarios
for grinders and concentration
plants.
Improvement and development
of technologies for the
incorporation of new sources
of energy (hydrogen, solar, wind,
among others) in concentration
plant operations.
Improvement and development
of technologies for energy
generation, increased storage
capacity and reducing idle
equipment in production cycles.
Development of technology for
selfgeneration of energy from
ore conveyor belts or other
potential sources.
Integration of production and
water distribution systems.

Source: Authors’ compilation
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Challenge

02

Traceability and sustainability
indicators
The objective of traceability is to track activities, those tasked with performing them,
the equipment used, the raw materials (inputs), emissions, waste and the information
produced or used across all of the processes to create a product or provide a service
to be able to strengthen data collection in operation, compare it and to opportunely
detect opportunities for improvement, as well as getting to know each process's
environmental impact.
Traceability standards offer a wide range of early benefits throughout the supply chain,
which can be materialized on the level of companies, the supply chain and the sector.
The use of standards can result in improvements in operations, procurement, sales and
marketing, involving the interested parties and causing savings and economic benefits,
in addition to a sectoral change. In this way, the early benefits of using shared and
validated standards and methodologies can significantly boost the value of the business
and the impacts on sustainability. The latter of these also support the business case
throughout the supply chain.
Furthermore, implementing these tools boosts accountability and transparency in
the generation of information, which becomes relevant when companies are held
accountable for their environmental, social and productive performance.
This implementation of traceable sustainability frameworks is 53% addressed by largescale mining, just 16% in artisanal and medium and small-scale mining and 31% at all
scales. While medium and small-scale mining represent a small contribution of ore to
global production, the contributions in terms of impact on sustainability indicators would
be significant in these segments.
To better harmonize the frameworks of small-, medium- and large-scale mining there
is a need for existing concepts to be redefined, such as mechanization, investment
and production, and the methodologies and traceability to be implemented. Good
examples of traceability and certification are frameworks like the ones companies that
produce tin, tantalum, tungsten and gold (3TG) began implementing, in which minimum
requirements for implementation were determined, regardless of a company's size and
capacity. In this way, a framework can be deployed more broadly, but with fewer effects
on the performance of large companies.
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The main challenge is for sustainability strategies, as well as their indicators, to
be aligned with the management practices and existing environmental or safety
standards, such as ISO 14001 or OHSAS 18001, so as in that way to develop a list of
specific management steps for copper mining. In this sense, there ought to be a trend
toward a unified, sustainable and traceable management system that allows copper
companies to be compared and which includes their voluntary reports (such as GRI,
ICMM, MAC, STDs) and mandatory ones on mitigation measures and environmental
assessment processes in our country, such as the Cyanide Code, the Pollutant
Emissions and Transfer Register (RETC), reports on the compliance with environmental
qualification resolutions RCA-SMA, specific requirements for minerals from conflict
areas, such as RED-FLAG and OECD, among others, in addition to the traceability in
the final products sold (ECO LEVEL and LEDD certification)12. In addition, traceability
is the basis for quantifying and setting sustainability targets and KPIs to be able to
move toward a green mining strategy.
When we engage in a critical analysis of the indicators, the production framework and
similarity of the industry, in addition to the scope of accreditation in the value chain, we
find that, in contrast to other metals, there is no specific standard for copper mining.
There has been progress in the issue of traceability when it comes to national
regulatory changes, through the 2019 draft Climate Change Bill13. This law considers
the creation of the National Greenhouse Gas Inventory System to elaborate and update
the National Greenhouse Gas Inventory and other short-lived climate pollutants (MP10
and MP2.5), with the purpose of overseeing the consistency in emissions reported
and to ensure the quality of estimates. In addition it creates the Greenhouse Gas
Certification System, which will issue certificates, signs or labels that inform on
the quantification, management and reporting of greenhouse gas emissions or the
absorption of such gases to comply with the established criteria, methodologies and
requirements. Both instruments aim to compensate the current lack of a traceable
and independent method that allows monitoring, reporting, verifying and certifying
greenhouse GHG emissions and their associated water components14.
The solutions to this challenge are presented in the following table

12 Sustanaibility Schemes for Mineral Resources: A Comparative Overview. BGR. Karoline Kickler, Dr. Gudrun Franke, 2017
13 Draft Climate Change Framework Bill 2019
14 For example, currently energy suppliers issue their own certificates to the clients they supply based on different
methodologies regarding the energy sources used for generation.
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Traceability and sustainability indicators

Solution

R+D+i lines / Studies and standards

01

Defining the technical measurement
and reporting criteria, in
addition to the regulation on
how, when and what to measure
on the issue of sustainability
nationwide, in line with the
international context.

02

03

Uniformed measurement
methodologies and
critical variables

Setting of indicators
and targets

Defining the technical and
regulatory criteria that will
serve as sustainability indicators
and targets on the national level.

Monitoring, reporting,
verification and
certification

Defining technical and regulatory
criteria on how to audit and
certify the mining sector's
sustainability on the national
level.

Source: Authors’ compilation
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Challenge

03

Reduction of gaseous, liquid and solid
emissions
The mining industry must reduce greenhouse (GHG) gas emissions, especially carbon
dioxide (CO2), methane (CH4), nitrogen dioxide (NO2) and ozone (O3). Around 97% of
the GHG in the atmosphere are of anthropogenic origin and their concentration has
progressively increased. The Chilean mining industry's GHG emissions have risen at
an annual rate of about 5.3% over the last 15 years due to increased electricity and
fuel consumption, meaning that in the middle of the so-called decarbonization of the
economy, concern over protecting the environment and health will result in significant
changes in the productive process for mining. This requires taking measures to
promote renewable energies,
energy efficiency, the use of low-emission technologies, emissions recovery,
their potential use in energy generation and the implementation of low-carbon
technologies.
Mining operations generate liquid industrial waste, which the companies themselves
treat and which are regulated by legal decrees to minimize their environmental effects
and impacts. In this context, and given the shortage in water resources, they have been
reduced in operations with recirculation in processes, thus improving and optimizing
water use.
There are technologies with different applications for the treatment of effluents,
which allow the abatement, the removal of metals and their containment, in addition to
technologies to sequester and remove sulfates and other elements, such as chlorides.
However, in this area the challenge of having more cost-competitive technologies
available remains.
GHG Emissions
The country's greenhouse gas emissions totaled 111.7 million tons of CO2 equivalent in
2016, a 114.7% increase over 1990 and 7.1% more than in 2013. The main GHG emitted
was CO2 (78.7%), followed by CH4 (12.5%), NO2 (6.0%) and fluorinated gases (2.8%).
Specifically, in 2016 the mining sector registered direct GHG emissions totaling
5.9 million tons of CO2 equivalent, which represents 4.9% of the country's total
emissions15.
The below graph shows direct GHG emissions (Scope 1), indirect ones (Scope 2) and
copper mining production 2010-2017.

15 Chile's Third Biennial Update Report on Climate Change, 2018.
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Graph 8_ Greenhouse Gas Emissions and Chilean
copper mining production
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Total emissions in 2017 were 1.4% less than those registered in 2016, a variation that
represented a reduction of 286,000 tons of CO2 equivalent.
This is mainly attributed to a 2.7% drop in indirect emissions, which in turn is explained
by a greater installed capacity of NCREs in the National Electrical System (SEN)
Diesel fuel is responsible for 89.8% of direct GHG emissions, which is associated with
its increased use. In fact, diesel use represents 88.7% of total fuels used in national
copper mining.
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The process that produces the most GHG emissions is extraction and transportation
from the mine pit, which registered 4.6 million tons of CO2 equivalent in 2017, or 77.6% of
the total and 20.5% more than in 2012. However, while the ore extracted from the mine
pit and has presented positive and negative fluctuations since 2012, fuel consumption
has invariably increased every year, due to the increased amounts of energy consumed
because of the longer hauling distances from the extraction point to the processing
plant. In terms of the unit coefficients of direct GHG emissions16, which allows the
intensity of emissions to be evaluated regardless of the mineral or production, one
can see that they have steadily grown over the last 17 years due to increased fuel
consumption, both because of increased copper production as well as structural
changes that have affected Chilean mining, the main one being aging mines.
Despite the lower nominal production of fine copper in Chile, 1.06 tons of CO2 per ton of
fine copper produced were registered in 2016, up 4.9% over the amount recorded in 2015.
This is due to increased demand for diesel in the mine pit process due to the greater
hauling distances and the lower average ore grades for the period under evaluation
(Cochilco 2017).
Graph 9_ Direct GHG emissions per ton of fine copper,
2001 - 2017
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16 Amount of direct greenhouse gas emissions per ton of fine copper
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Graph 10_ Direct greenhouse gas emissions in the mining industry
Millions of
MT Co2eq.

7
6
5
4
3
2
1

2018

2017

2016

2015

2014

2013

2012

2011

2010

2009

2008

2007

2006

2005

2004

2003

0

Source: Cochilco (2018)

The below graph presents aggregate fuel-based energy consumption by mining
process between 2001 and 2017.
Graph 11_ Direct GHG emissions per ton of fine copper by process,
2001 - 2017
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The most widely used fuel in the mine pit extraction process, which represented
77.6% of direct GHG emissions (Scope 1), was diesel, the main input for the trucks
that transport the ore, which are responsible for 88.2% of the sector's emissions.
This trend is expected to be maintained or even increase if measures or technological
improvements are not incorporated to substitute diesel as the primary input.
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About wastes.
Close to 21.2 million tons of waste were produced in Chile during 2016, of which 97%
was non-hazardous waste and 3% hazardous waste. The former includes waste of
industrial origin (59.8%), solid municipal waste (35.3%) and sludge from wastewater
treatment plants (1.9%).
Regarding the non-hazardous waste produced, 76% was eliminated and 24%
recovered. Waste is mostly disposed of in landfills and dumps. While landfills are
facilities that meet established sanitary and environmental requirements, they are not
enough from the environmental perspective, as final disposal of wastes in dumps and
landfills should be avoided. There is also a need to reduce the number of landfills, for
which recycling is fundamental.
On the other hand, the country produces 642,000 tons of hazardous waste nationwide.
The mining and quarrying sector is the main producer, registering a total of 293,600
tons, or 45.7% of the total produced in the country17. This underscores the importance
of including technologies in this area to minimize volumes and reduce risk. Given
the high cost per ton of disposing of hazardous waste in landfills with special
characteristics in the country , the incorporation of technologies for handling them has
a short-term cost recovery scale, as it creates an opportunity for innovative businesses
that produce returns within a given time and has known alternative costs.
Currently two initiatives are under way under the auspices of the Alta Ley Roadmap
to replace fuels in mining trucks for extraction and in mobile equipment. One is led by
ALSET Ingeniería SpA and corresponds to hydrogen-diesel dual combustion, while the
other one is being developed by the Federico Santa María Technical University (UTFSM)
and considers adapting operation of mobile mining equipment from diesel to hydrogen
using fuel cells.
The ALSET project considers adapting mining extraction trucks to be able to use diesel
and hydrogen as a fuel, privileging the use of the latter through a change in the current
engines. To this end, the initiative envisages a prototype, which is in development, for
carrying out tests whose results are scalable to the industrial level. The University of
Santiago, the Pontifical Catholic University, NTT, CAP, BHP, Anglo American Sur and
Engie are participating in its development.
The initiative includes simulating parameters for bench testing, scale and layout of the
hydrogen storage system and developing a business model to supply the fuel.
On the other hand, the electromobility project using fuel cells developed by UTFSM
is focused on finding technically and operationally feasible solutions to adapt the
transportation vehicles used in mining from the use of diesel fuel to operation with
fuel cells.

17 Sinader and Sidrep, 2018 MMA
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The consortium led by UTFSM considers participation by Spain's CNH2, Ballard Power
Systems of Canada, ACHEE, Linde, Aurus, Acera, Sonami, Metalpar, Bozzo Energy,
Siemens, Collahuasi and Codelco, as interested parties.
The solutions to this challenge are presented in the following table.

Reduction of gaseous, liquid and solid emissions

Solution

R+D+i lines

01

Development and refinement of
technologies for the management
of gas emissions in underground
mining.

Reduction of gaseous
emissions into
the atmosphere,
particularly reduction
of sulfur, arsenic and
CO2 (FURE)

Strategies to sequester CO2 in
protected natural areas and
improvement in methods for
restoring existing forests and
reforestation.
Optimization of materials transport.
Optimization of the processes to
sequester and treat the gases
produced.
Technological improvements that
allow more efficient use of gas
cleaning plants.

02

Reduction/
treatment of liquid
industrial wastes
and hazardous
wastes

Improvement and development of
technologies to remove different
types of contaminants from
waters used in the productive
processes of mining, as well as
their reuse from wastewaters.
Development of biotechnological
processes for the treatment of
mine wastes and effluents.
Creation of mechanisms for the
reuse of liquid industrial wastes
within the mine operation.
Technology improvements for the
washing of gases (grout) and
acidic solutions.
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Development of new technologies
for the abatement of heavy metals,
to remove solids or adjust pH,
or else to treat certain highly
soluble dissolved salts, such as
sulfate, chloride and sodium.
Technological improvements to
control and monitor processes with
filtering techniques, induced air
flotation and press treatment.
Production of synthetic
nanoparticles able to absorb and
capture metals in a polluted
environment.

03

Reduction /
Treatment of
solid industrial
solid waste

Technology develop and transfer
for reuse, recycling, energy
recovery, treatment and
final disposal to protect the
environment.
Development of technologies that
dispose of and eliminate solid
waste better.
Development of inerting
technologies to treat wastes and
reduce their hazardousness and
volume.
Optimization or development
of software to record the
traceability of waste, from the
moment of generation until its
final disposal.
Generation of techniques for
characterizing the origin of
waste, its level of hazardousness,
the treatment that should be
applied and emergency prevention
measures.
Improvement of solid waste
stabilization-solidification
processes using chemical agents.

Source: Authors’ compilation
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Challenge

04

Environmental health and safety
Mining is one of the riskiest of industrial activities, considering that it works with
explosive, flammable and toxic elements, in addition to large equipment, both mobile
as well as fixed.
The pace of production in mining activities continually exposes workers to physicalchemical polluting agents, such as waste, particulate matter, acid mists, excess heat,
gases among others.
According to the Sernageomin, there were 16 and 18 deaths in 2016 and 2016,
respectively, while the number reached 12 in 2017, a 23% reduction in this type of
accident. 2017 was the year with the lowest fatal accident rate in the country's mining
history. Similarly, the serious accident rate was down 9.6% compared to 2016. However,
work must continue to be done in this area to achieve the goal of zero fatalities.
The solutions to this challenge are presented in the following table.

Environmental health and safety

Solution

01

Reduction of
exposure to
critical risk

R+D+i lines
Replacement of highly toxic
products.
Sophistication of personal
protective equipment.
Mechanisms for moistening risk
areas.
Optimizing productive processes
or changing operating methods to
reduce/eliminate risk.

02

Reduction in
occupational
diseases

Development of implementation
infrastructure and elements
appropriate for both office work
as well as in the field.
Development of adequate
mechanical means for lifting
heavy loads.
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Solution

03

04

R+D+i lines

Reduction of
exposure to gases
in confined spaces

Development of general and local
ventilation mechanisms.

Improvement of
conditions for work at
geographic altitude

Improved infrastructure to
reduce the risk of falling.

Source: Authors’ compilation

Optimizing measures to dilute
and evaluate pollutants.

Provision of special personal
protective equipment.
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Challenge

05

Circular Economy (Circular Mining)
There are a series of advantages to circular mining with a focus on the recovery of
elements of value, most of them related to the added value in economic and productive
terms, profitability and the environmental contribution from recovering waste. In this
sense, progress must be made in the conversion and reprocessing of tailings dumps,
dumps, slags, ballast and discard solutions to obtain economic benefits from the
recovery and recycling of materials in mining, such as recycling of mining truck tires.
While the recovery of elements of commercial value constitutes a contribution, it does
not fully resolve the problem. Alternative uses need to be found for the materials of lower
commercial value that involve a larger proportion of the waste.
In addition, the recovery of elements of value which can be used in the mining processes
themselves must be prioritized, either as inputs or sources of energy.
The adequate management of environmental waste would directly benefit communities
and contribute to the future sustainability of the mining industry.
The solutions to this challenge are presented in the following table

Circular Economy (Circular Mining)

Solution

01

Recovery of
elements of value

R+D+i lines
Improvement and development of
methods and geological modeling
and handling of new solid waste
with commercial value.
Incorporation of technologies in
the concentration and refining
processes.
Operating models with technical
and regulatory criteria for the
development of urban mining.
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02

Extended producer
responsibility

Development and improvement of
technologies for recovering
batteries.
Development and improvement of
technologies for recovering mine
truck tires.
Development and improvement of
technologies for recovering
oils.
Development and improvement of
technologies for recovering
electrical devices.
Development and improvement of
technologies for recovering
elements of value from tailings.
Development of superior and more
cost-effective alternatives to
current wet tailings storage
operations.
Development of materials and
products from tailings.

Source: Authors’ compilation
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Background

Copper was one of the first metals extracted and used by humans and was applied to
coins and ornaments around the year 8,000 BC. By around 5,500 BC it was used in tools
that helped civilizations emerge from the Stone Age and, subsequently, around 3,000
BC it was discovered that a copper-tin alloy produces bronze, marking the start of a
new era for humankind.
Copper can be easily stretched, molded and shaped; it is resistant to corrosion and
conducts heat and electricity efficiently. Copper was important to early humans
because of this and to this day continues to be the preferred material for a series of
domestic, industrial and high-tech applications.
Copper is currently a fundamental component of many enabling technologies related
to emissions reduction, electromobility, the evolution of smart cities, development and
integration of solar power with the grid and the appearance of new heating, ventilation
and air conditioning systems that use natural refrigerants and intelligent networks,
to name just a few. Meanwhile, the positive impact of its antibacterial capacities has
triggered its use in health and hygiene, to extend the lifespan of foods, to sanitize
surfaces and for use in apparel.
Copper is currently the lead actor in improving energy efficiency, air quality, water
quality reducing the life cycle costs and the quality of life of billions of people around
the world.
Copper consumption
Copper's qualities have made it the material of choice for a variety of domestic,
industrial and high-tech applications, leading to a constant rise in global demand for
the metal. USGS studies on copper consumption reveal some interesting trends during
the period 1990-2012. Copper consumption in emerging economies like China and India
increased significantly, while the consumption rate in the United States was down
slightly. The United States was the biggest copper consumer until 2002, using around
16% of total global refined copper annually (about 2.4 million tons). China surpassed the
United States as the world's leading consumer of refined copper in 2002. The booming
Chinese economy contributed to quadrupling annual consumption of refined copper
during those 12 years.
According to information compiled by Cochilco1, the countries with the largest share
of refined copper consumption in 2018 were China, the United States, Germany, Japan,
South Korea, Italy, India, Turkey, Mexico, Taiwan, Spain, Thailand and Russia. The below
graph allows one to compare consumption of refined copper in 2009 and 2018, where
one can observe the strong growth in China, almost doubling its consumption.

1

Chilean Copper Corporation www.cochilco.cl
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Graph 1_ Main consumer countries of refined copper 2009 -2018
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Depending on the market where it is used, global copper consumption essentially
involves construction, general consumption, electricity grids, transportation
and industrial machinery. Its use is also conditioned by its physical, chemical and
mechanical properties, where its good electrical and thermal conductivity, the ease
with which it can be connected, its resistance to corrosion, its malleability and ductility,
the ease with which it can form alloys with other metals, its recyclable quality, its
decorative and antimicrobial properties, its quality as a non-magnetic metal, among
others, stand out.
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Graph 2_ Global copper uses in 2018
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Global production and evaluation of copper deposits
The USGS2 evaluated undiscovered copper in two types of deposits that represent
about 80% of the world's supply of copper. Porphyry copper deposits represent around
60% of the world's copper and stratified copper deposits lodged in sediments, where
the metal is concentrated in layers of sedimentary rocks, represent around 20% of the
copper resources identified in the world. The average undiscovered total resource for
porphyry deposits is 3.1 billion tons and the total average undiscovered resourced for
deposits in sediments is 400 million tons, for a global total of 3.5 million tons of copper.
Global production of refined copper increased by around 1.44% in 2018 compared to
2017, totaling 23.73 million tons. In Chile production was up 1.3% in the same period.
The graph shows the main producers of refined copper, where the rise of China
between 2009 and 2018 stands out.
Graph 3_ Refined copper production 2009-2018
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United States Geological Survey https://www.usgs.gov
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Current uses of copper
Copper is used in the most diverse areas and industries: from the construction
of buildings to the generation and transmission of electricity, the manufacture of
electronic products and the production of industrial machinery and transport vehicles.
Copper wiring and pipes are an integral part of appliances, heating and cooling
systems and the telecommunication links that are used in homes and businesses every
day. Copper is an essential component of the engines, cabling, radiators, connectors,
brakes and bearings used in automobiles and trucks. An average car contains 1.5
kilometers of copper wiring and the total amount of copper ranges from 20 kilos in
small cars to 45 kilos in luxury and hybrid vehicles. According to a study commissioned
by the ICA (International Copper Association) to IDTechEX in 20173, an electric vehicle
can use between 40 and 369 kilograms of copper, depending on the type of technology
and vehicle.
One of the most recent applications of copper includes its use on frequently touched
surfaces where its antimicrobial properties reduce the transfer of germs and diseases.
Semiconductor manufacturers have also started to use copper for circuits in silicon
chips, which allows the microprocessors to operate faster and consume less energy. It
was recently discovered that copper rotors increase the efficiency of electric engines,
which are the main consumers of energy.
On the other hand, copper and its alloys have a wide range of properties that make
them invaluable to many applications. Good conductivity of electricity and heat is
combined with resistance, ductility and excellent corrosion resistance, to mention just
a few of the properties that copper and its alloys have.
The below table lists some of the reasons why copper and copper alloys are vital to the
main types of applications that benefit from the attributes described.

3

Copper Intensity in the Electrification of Transport and the Integration of Energy Storage. IDTechEX , 2017
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Table 1_ Type of application/industry according to the property

Property

Industry / Type of Application

Esthetic

Architecture, Sculpture, Jewelry, Watches,
Cutlery

Bactericide

Door fittings, crop treatments, clothing, surfaces

Resistance to
biofouling

Industry in general, hydraulics and marine,
metalworking, aerospace, power generation, naval
construction, offshore oil and gas platforms

Resistanceto
corrosion

Pipes and plumbing fittings, roofs, general and
marine engineering, naval construction; chemical
engineering, industrial processes that include
stripping, engraving and distillation; domestic
plumbing, domestic plumbing, architecture,
desalination, textiles, paper manufacturing

Ease of
manufacture

All of the above plus printing

Electrical
conductivity

Essential to the health of humans, animals and
crops

Respectful of
the Environment

Esencial para la salud de humanos, animales y
cultivos

Fungicide

Agriculture, conservation of food and timber

Low
Temperature

Cryogenics, handling of liquid gases,
superconductors

Mechanical
strength
/Ductility

Industry in general, marine, defense, aerospace
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Property

Industry / Type of Application

Non-magnetic

Instrumentation, geological study equipment,
minesweepers, offshore drilling

Spark-free

Mining and other security tools, distribution of
oxygen

Elasticity

Coils and electrical contacts, safety pins,
device bellows, Electronic packaging

Thermal
conductivity

Heat exchangers and air-conditioning/
refrigeration equipment, automotive radiators,
internal combustion engines, mining
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vision of core challenge

To become a leader
in the application
of new uses of
copper in different
industries to
improve the social
and environmental
conditions
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While copper companies are not focused on making progress in
the copper value chain in terms of new products and uses,
the possibility of integrating some of the products in the
chain of production opens up an interesting alternative to
copper foil, which could be produced at existing facilities
in various mining operations.
However, there are global challenges that would be of
interest to address through organizations and entities
devoted exclusively to the copper market's growth A
large part of these challenges are being addressed by
the International Copper Association (ICA), responsible
for developing and implementing programs throughout the
world to defend and increase demand for copper through new
applications. Over 500 programs are currently under way in 60
countries and 26 copper promotion centers.
Based on the information and the vision established for this
core challenge, the group of experts who participated in the
technical workshops defined three challenges and identified
possible solutions and R+D+i lines
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Challenge

01

Copper product with the
greatest added value
Chile is the world's biggest copper producer and the red metal is currently our
main export product. However, it is mainly sold as a raw material, thus wasting the
opportunity to diversify and add sophistication to our exports by injecting added value
to this product.
Copper foil (Development of local manufacturing capacities)
The global market for copper foil (a very thin sheet composed of malleable metals,
commonly aluminum, tin and copper in different alloys used as an electrical and
thermal conductor) has major dominant players but is highly competitive and
represented 2.5% of global copper production in 2016, or approximately 486,000
tons. Annual growth of 8% is projected between 2018 and 2025 (Transparency Market
Research 2017).
Currently, the two most relevant applications for copper foils are printed circuit boards
(PCB) and lithium batteries (Li-ion). While its use is currently concentrated mostly
on PCBs, its inclusion in batteries will trigger a faster growth rate due to increased
penetration by more efficient and environmentally friendly technologies, especially
electromobility.
The biggest R+D+i challenges for copper foil are mainly in the introduction of
productive and quality improvements, which represents an opportunity for Chile to
generate local manufacturing capacities including nanotechnology.

Copper product with the greatest added value

Solution

01

Copper products with the
greatest added value

Source: Authors’ compilation

R+D+i lines
Manufacturing of copper foil.
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Challenge

02

R+D Traditional industries
A large share of global copper supplies flow to electronics and electrical wiring.
Electricity is an inseparable part of everyday modern life, from computers to
smartphones, air conditioning and batteries, and copper remains the preferred metal
for the conduction of electricity. Because of this, almost all technologies we use have
at least some copper.
Copper is also one of the main metals in the race to fine sustainable sources of energy.
As an efficient administrator of heat and electricity, copper's unique properties are
frequently used in solar panels and wind turbines. Many LEED certified sustainable
buildings use a significant amount of copper. In addition, the fact that copper is 100%
recyclable makes it the ultimate "green" metal.
Energy (Non-conventional renewable energies / Electromobility / Heating, ventilation
and air conditioning)
Because copper is a highly efficient conductor, it is used in renewable energy systems
to generate solar, hydroelectric, thermal and wind power throughout the world, helping
to reduce CO2 emissions and the amount of energy needed to produce electricity.
Renewable energy sources provide almost a quarter of the world's energy and are on
the rise4. Copper plays a vital role in making devices as efficient as possible and with
a minimal impact on the environment. Significant growth is also expected due to its
increased use in electric vehicles and refrigeration systems.
Some of the global trends that will positively impact the use of copper in energy are:
̸ Rising energy consumption, with an emphasis on efficient and cleaner generation.
̸ Rising demand and the need for increasingly faster information technologies.
̸ Growing need for mass transportation that is environmentally clean and efficient.
̸ Improved standards of living in terms of construction, wellbeing and safety, which
suppose energy efficiency considerations and the use of sustainable materials.
̸ The biggest R+D+i challenges for the use of copper are in its potential replacement
with other elements, the benefits obtained from the use
̸ of nanoparticles and improved use of its thermal and conductive capabilities,
either alone or in combination with other elements, for electromobility as well as for
cooling and electricity transmission.

4

Copper Alliance 2018. www.copperalliance.org
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Copper product with the greatest added value

Solution

R+D+i lines

01

Applications in NCRE.

Intensity of use in
traditional industries

Electromobility.
Heating and ventilation.
Air conditioning.

Fuente: Elaboración propia
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Challenge

03

R+D Non-traditional industries
In 2008 the US Environmental Protection Agency (EPA) recognized copper as the only
metal with antimicrobial properties, approving the registration of more than 270 alloys
of the metal capable of preventing bacteria and other microorganisms like fungi and
viruses from living.
Prior to that, a series of studies demonstrated the effect of copper and its alloys
against five strains of bacteria tested in accordance with EPA protocols: copper is
then only metal recognized to have that condition. The registration allows copper to
be sold on the argument that it "eliminates 99.9% of bacteria within two hours". Its use
was authorized for the manufacture of products for commercial, residential and health
environments. The agency clarifies that copper alloys should be used as a complement
and not as a replacement for standard surface cleaning and disinfection practices. It
adds that these products do not pose any risk to public health.
This new use associated with its bactericidal properties shows that, despite the
antiquity of its discovery and use, copper's properties remain relatively unexplored and
its applications are far from exhausted.
Solution: Health and hygiene (applications and uses associated with its bactericidal
properties)
Global demand for copper could increase significantly over the next few years due to
commercial interest in its antimicrobial properties applied to different industries,
both in the development of protective films, fabrics and materials, among others. Its
applications related to health alone could cause demand to increase by up to 1 million
tons for the next 20 years (Bloomberg 2018).
In this context, some of the R+D+i challenges have to do with copper production and
processing methods to create nanoparticles and/or alloys, their manufacture and
applied nanotechnology, among others.

R+D Non-traditional industries

Solución

01

Intensity of use
in non-traditional
industries

Source: Authors’ compilation

R+D+i lines
Applications in health and
hygiene.
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