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Purpose of this Document
This study provides a social and environmental review of the Solwara 1
project. It provides a preliminary framework that examines the
ecosystem goods and services that may be enhanced, degraded, or
consumed by the Solwara 1 project in Papua New Guinea. This study
also sets out the first ever natural capital accounting and ecosystem
goods and services framework for seabed mining. The Solwara 1
project is compared to modern existing and proposed terrestrial
copper mines. Increased recycling and replacement of copper as
alternatives to mining and the smelting process are also examined.
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Executive Summary

◄◄ Image credit: Nautilus
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The primary goal of the
analysis was to measure
the environmental and
social impacts of the
Solwara 1 project in
comparison with three
terrestrial mines.

ix

Report Analyses and Conclusions

Nautilus Minerals Inc. (Nautilus) is a seafloor
resource exploration and development company
that intends to commercially explore the seafloor
for copper-, gold-, silver- and zinc-rich seafloor
massive sulphide deposits and for manganese,
nickel, copper and cobalt nodule deposits.
On 11 December 2014, Nautilus formed a joint venture with Eda
Kopa (Solwara) Limited, a wholly owned subsidiary of Petromin PNG
Holdings Limited, which is the nominee entity of the Independent
State of Papua New Guinea for the Solwara 1 Project. Located in the
Bismarck Sea of Papua New Guinea (PNG), the Solwara 1 project will
be the world’s first deep seabed mining project for copper minerals.

Four analyses were completed as follows:

▲▲ Copper coil
Image credit: Pixabay

Earth Economics was commissioned by Nautilus to conduct an
independent environmental and social benchmarking analysis of
Nautilus’ proposed deep seabed mining project. The primary goal of
the analysis was to measure the environmental and social impacts of
the Solwara 1 project in comparison with three terrestrial mines. This
goal was achieved, as the analysis was sufficiently comprehensive
to clearly identify critical social and environmental concerns and
potential project benefits.
This analysis utilized a natural capital accounting approach that is
internationally recognized based on improvements to the Millennium
Ecosystem Assessment (MEA)1 and The Economics of Ecosystems and
Biodiversity (TEEB)2 methods. The review has provided a comparison of
the Solwara 1 project to three terrestrial copper mines, two existing
and one proposed.
In this report, the importance and environmental implications of
copper mining are discussed and a primer is provided on natural capital
accounting and the value flows of environmental goods and services. The
report analyses and conclusions are included on the following pages.

1

Analysis I examined the continued need for copper
mining and the potential for recycling or substitution
to replace copper mining in the future.

2

Analysis II reviewed 22 natural capital categories of goods
and services present in the mining sites at Solwara 1
and the three terrestrial copper mining projects.

3

Analysis III delivered a quantitative analysis of input and effluent
physical measures per metric ton of copper produced, again
comparing three terrestrial copper mines with Solwara 1.

4

Analysis IV reviewed the potential monetized natural
capital accounting impacts of Solwara 1 and the
terrestrial mines for 14 of the 22 identified natural capital
categories, with results provided in dollar values.

This report also presents a discussion of the Tongling Non-Ferrous
Metals Group (TNFM) copper smelter, the smelter that has agreed to
purchase the Solwara 1 copper product.
The concentration of
copper in terrestrial ore
deposits is declining,
increasing the financial,
social, and environmental
costs associated with
production.

Copper and the Environment:
A Nano-History

1
2
3

Over 7 billion people use copper. It is essential
to achieving human development goals.

4

The concentration of copper in terrestrial ore deposits is declining.
This decline is increasing financial, social, and environmental
costs associated with production, on a cost-per-metric ton basis.

Copper is vital for producing numerous forms of
electrical power, clean water, and technology.
Terrestrial copper mining has significant social and environmental
impacts. Risks of terrestrial mining include displacement
of communities, water contamination, and damage to
downslope communities from waste rock and tailings.

x

xi

Copper recycling is
important, but recycling
alone cannot fulfill
current and projected
copper demand.

Analysis I: Copper Recycling
and Substitution

1

Copper recycling prices are high, with brisk, robust copper
recycling markets. However, there is a limit on idle copper
available to be recycled.

2

Copper recycling is likely limited to around 30% of global supply, and the
substitution of other materials and technologies for the currently in-use
copper stock will not be realized in the near future, thus, demand for
copper ore will remain high and copper mining will likely expand globally.

3

Even if recycling a significant portion of the current global
built capital stock became feasible, copper ore mining
would still be required in order to meet global demand.

The State of Knowledge of the
Bismarck Sea Deep Seabed

1
2

The proposed Intag Mine is located in an area containing cloud
forest that is considered to be a unique and sensitive terrestrial
ecosystem with significant species endemism. Similarly, the
vent ecosystems of the deep sea are also considered a unique
and sensitive ecosystem with notable species endemism.
The results of these analyses are as follows:

Analysis II: Identification of Copper Mine
Impacts for Bingham Canyon, Prominent
Hill, Intag and Solwara 1

The final three analyses each provide a comparison of the impacts of
the proposed Solwara 1 deep seabed mining project and three
terrestrial copper mines: Bingham Canyon (Utah, USA), Prominent Hill
(South Australia, Australia), and Intag (a proposed mine in Intag
Province, Ecuador). These mines have been chosen for comparison with
Solwara 1 for the following reasons:
The Bingham Canyon Mine is typical of the large scale
terrestrial copper porphyry deposits that currently
account for most of the world’s copper supply;
The Prominent Hill Mine holds a copper deposit that yields a
similar annual amount copper as the projected copper yields
for the Solwara 1 Project;

Two terrestrial mines (Prominent Hill and Bingham Canyon) and
one proposed terrestrial mine (Intag) were ranked with Solwara 1
across 22 identified environmental and social impact categories.
These categories included resource, water, climate, soil, habitat,
and cultural values. Rankings were devised using publicly
available data such as Global Reporting Initiative, Environmental
Impact Assessments, and Annual Report documentation.

2

When ranked across the 22 categories of natural capital
accounting, deep seabed mining of the high grade copper material
in the 14-hectare Solwara 1 site would involve far fewer impacts
than operations at any of the examined terrestrial mines.

3
4

People will not be displaced by the Solwara
1 deep seabed copper mine.

▲▲ Bingham Canyon Mine
Image credit: Spmusick via Wikicommons

The deep seabed is not generally well understood; however, the
Solwara 1 proposed mine site, the North Su volcano, and the
South Su conservation site are well studied. The Solwara 1 project
environmental impact statement and 35 independently published
papers document the area to a degree that would compare very
favorably with similar studies for terrestrial mining projects.
The Solwara 1 mine site is adjacent to the active North Su undersea
volcano, which produces volcanic emissions that far exceed the
sediment plume that the Solwara 1 mine is expected to produce.

1

Across 22 categories of
ecosystem services, deep
seabed mining of copper
at the Solwara 1 site would
involve fewer potential
impacts than operations
at any of the examined
terrestrial mines.

5

Food production, fresh water supply, disaster risk reduction,
pollination, soil formation, erosion, freshwater regulation, recreation,
historic, and cultural values will not be impacted by Solwara 1. These
natural capital categories are often negatively impacted by terrestrial
mines (as in the case of the three comparison mines examined).
Raw materials, biological control, climate stability, air quality, waste
treatment, habitat and nursery, nutrient cycling, genetic resource
values, and science and education values will be impacted by Solwara
1, but less so than for the terrestrial copper mines examined. It
is highly likely that the majority of terrestrial mines would have
similar impacts as the terrestrial mines examined in this study.

The following table (also found in Analysis II) summarizes the impacts of
each mine site. A description and explanation of the values presented
in this table is found in Analysis II.
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►► Level of Ecosystem Service Impact
by Mine. Level of impact ranges
from 0 (lowest) to 3 (highest).

Ecosystem Service

Key
Low impact
Moderate impact
Significant impact
High impact

Analysis III: Quantification of Copper
Mine Impacts for Bingham Canyon,
Prominent Hill, Intag, and Solwara 1

Level of Impact (0 = lowest, 3 = highest)
Solwara 1

Prominent
Hill

Bingham
Canyon

Intag

Provisioning Services
Food

0

1

3

3

Medicinal Resources

0

1

1

3

Ornamental Resources

0

0

0

1

Energy & Raw Materials

3

3

3

3

Water Supply

0

1

3

3

Regulating Services
Biological Control

1

3

2

2

Climate Stability

1

1

2

3

Air Quality

1

0

1

1

Moderation of Extreme Events

0

1

3

3

Pollination

0

1

1

3

Soil Formation

0

3

3

3

Soil Retention

0

3

3

3

Waste Treatment

1

2

3

3

Water Regulation

0

1

3

3

Producing one metric
ton of copper results in
far less freshwater use,
mineral waste, energy
use, area of disturbance
and CO2 emissions in
Solwara 1 compared
with terrestrial mines.

Supporting Services
Habitat & Nursery

2

2

3

3

Nutrient Cycling

1

2

3

2

Genetic Resources

1

3

3

3

Cultural Services
Natural Beauty

1

1

3

2

Cultural and Artistic Information

0

1

2

3

Recreation and Tourism

0

0

3

3

Science and Education

1

3

1

2

Spiritual and Historic

0

3

1

3

▼▼ Mine Comparisons for
Inputs Required for 1 Metric
Ton of Copper Output
Measure

Unit

COMPARISON MINES

IMPACT TYPE

Solwara 1 (proposed) Total

Mine + Refinery

Solwara 1 Mine

Mine

Tongling Refinery

Refinery

1

The mining impacts of Solwara 1 were quantified per copper
ton produced for freshwater use, mineral waste, energy use,
disturbed area and CO2 emissions, and were then compared
with the two operating mines and one proposed mine.

2

Producing one metric ton of copper requires far less freshwater,
mineral waste, energy use, area of disturbance and CO2 emissions
in Solwara 1 than in any of the terrestrial mines examined.

3

The risk of downslope or offsite impacts to human communities
is present in all terrestrial mines that dispose of large volumes
of waste and tailings materials on the surface. There is no
downslope risk to human communities from Solwara 1.

4

All mines present a risk to downstream ecosystems; however,
the scale of Solwara 1 is small. The site is also a naturally
dynamic area due to the influence of the seafloor volcano, and
downstream risks to deep seabed ecosystems are thus greatly
reduced relative to the far greater threat of terrestrial copper
mines to downstream terrestrial and coastal marine ecosystems.

The following table is also found in Analysis III with a fuller explanation
and discussion of the values presented.
Annual Cu
Production

Metric
tons

77,760

73,362

Total Cu
Production

Freshwater
Use

Energy
Use

CO2
Emissions

Mineral
Waste

Area of
Disturbance

Metric tons

Liters per
metric ton
of Cu
produced

127,186

0

4.0

3.6

1.9

5.4

0

4.0

3.6

1.9

1.1

Data not
available

Data not
available

Data not
available

0

4.3

tons Metric tons
MWh per Metric
tailings &
Square
of
CO
per of
2
metric ton
waste rock meters per
metric
ton
of Cu
per metric metric ton of
of Cu
produced
ton of Cu Cu produced
produced
produced

Prominent Hill Total

Mine + Refinery

2,046,000

83,831

15.3

5.4

36.3

7.2

Bingham Canyon Total

Mine + Refinery
+ Smelter

194,000 19,000,000

21,041

24.8

7.7

11.5

5.4

Intag (proposed) Total

Mine

484,437

Data not
available

Data not
available

Data not
available

11.5

5.4

9,906,472

xiv
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Analysis IV: Monetization of Copper Mine
Impacts for Bingham Canyon, Prominent
Hill, Intag, and Solwara 1

1
▲▲ The Prominent Hill Mine
Image credit: Geomartin

▼▼ Present Value of Ecosystem
Service Impacts to Solwara
1 and Comparison Mines

Mine

Solwara 1 (proposed)

2
3

The economic value of some ecosystem services impacted
by copper mining can be monetized. Not all of the social
and environmental impacts can be monetized, therefore
the findings of this analysis should be considered an
underestimate of the full social and environmental impacts.
The monetary damages of the three terrestrial mines and Solwara 1
were estimated across a subset of social and environmental impacts.
The magnitude of annual damages was calculated to be
USD 1.9 million/year for Prominent Hill; USD 42.9 million/
year for Bingham Canyon; USD 8.8 million/year for
Intag; and USD 0.025 million/year for Solwara 1.

4

A net present value of impacts for each mine was also calculated,
in which Solwara 1 (based on expectations as of the date of this
report) would outperform the terrestrial mines. These values
do not consider the downstream impacts, which are difficult to
quantify, but including these impacts would substantially widen
the differential between Solwara 1 and terrestrial mines.

5

Mining in the deep seabed (assuming the creation of
sufficient biodiversity conservation sites) has fewer identified,
quantified and monetized impacts than terrestrial mining.

The following table is also found in Analysis III with a fuller
explanation and discussion of the values presented.

Annual Value of
Ecosystem Service
Impacts

Net Present Value
of Ecosystem
Service Impacts

Total Copper
Production for
Lifetime of Mine
(metric tons)

Relative Impact on
Ecosystem Services
per Ton of Copper
Produced

$605,871

127,186

1.0

$1,919,065

$47,026,675

2,000,000

4.9

Bingham Canyon

$42,864,859

$1,050,403,319

17,000,000

13.0

Intag (proposed)

$8,797,585

$215,584,802

9,906,472

4.6

1

Though not responsible for the mineralized material at the
smelter, Nautilus has chosen one of the world’s newest and most
efficient smelters, operated by Tongling Non-Ferrous Metals
(TNFM) in China to reduce smelting environmental impacts.

2

The TNFM smelter has a closed system, which is more efficient
and can better capture pollutants and useful by-products.

Overall Conclusion
The Nautilus Solwara 1
copper mine has the
potential to significantly
reduce the social and
environmental impacts
of copper mining.

$24,724

Prominent Hill

Copper Concentration, Smelting and
Environmental Impacts

The Nautilus Solwara 1 copper mine has the potential to significantly
reduce the social and environmental impacts of copper mining.
The deep seabed at the Solwara 1 mine is a remarkably advantageous
choice of mining site for a number of reasons. First, no people live
at the proposed mine site, and there are no cultural or historical
claims to the site. The mine site itself is quite small, covering only 14
hectares of seabed. Natural resources are less impacted by operations
at this site as surface or groundwater freshwater resources will be
not used or contaminated at Solwara 1. In addition, there is limited
overburden covering mineralized material, resulting in very little
waste rock material. Finally, the proposed mine operation wastes
will be dwarfed in comparison to the impacts of a nearby erupting
underwater volcano. Even excluding these by-product credits, the
mineralization copper grade alone is approximately 7%,3 a remarkably
high percentage which will lead to numerous efficiencies.
The overall conclusion is that Solwara 1 has the potential for far
fewer social and environmental impacts than the existing terrestrial
mines examined. Based on this analysis, it is highly likely that Solwara
1 would have far less overall impact per ton of copper produced
than the currently operating Prominent Hill, Australia, and Bingham
Canyon, USA, mines and the proposed Intag, Ecuador, copper
mine. Indeed, Solwara 1 may well have far less overall social and
environmental impacts than any currently producing copper mine.
Solwara 1 presents an opportunity for PNG to receive mining
royalties that will support the national budget for education, health,
and other expenditures while achieving significantly fewer social
and environmental impacts compared with terrestrial mining. The
impacts of terrestrial mining are well demonstrated in the existing
PNG mines and elsewhere in the world, and this analysis reveals a

xvi

The mineralization copper
grade at Solwara 1
is 7%, a remarkably high
percentage that will lead
to numerous efficiencies.

xvii

potential alternative to the heavy impacts of terrestrial mining.
Currently, there are several other Seafloor Massive Sulphide (SMS)
deep seabed mining proposals moving forward under the auspices
of various companies. As the first company to commercially explore
the seafloor for SMS, Nautilus has to date defined the standards
for deep seabed mining at the national and international scales. As
the first proposed deep seabed mining project, Solwara 1 will set a
high sustainability standard as an example for all followers. Solwara
1 is likely to surpass many of the International Finance Corporation
(IFC) social and environmental standards for mining practices.
Importantly, Solwara 1 has set a high bar for social and
environmental management, study of the seabed, establishment
of vent habitat conservation areas, collaboration with the
scientific community, transparency, and collaboration with
unaffected, but nearby communities for development.
While recognizing Nautilus’ efforts to date, the authors also
wish to encourage the company to continue to show this high
level of responsible leadership in this emerging industry.
As with any planned project that has yet to enter production,
uncertainties remain. Further analysis should be undertaken
as Solwara 1 commences operation in order to better
understand and record the impacts of deep seabed mining,
the post-mining recovery process, and the importance and
effectiveness of establishing deep seabed conservation areas.
Copper is an essential element for the 21st century global
economy, and it is a critical element in securing a high quality
of life for the world’s population. With the implementation of
appropriate controls and management measures, seabed mining
could play a catalytic role in transforming global copper mining
into a more sustainable, less damaging, and less risky industry.
Most of the Earth’s crust is below the ocean’s surface. Opening
up this area may reveal higher copper concentrations that
have the potential to significantly contribute to global copper
supplies and greatly reduce the environmental and social costs of
copper mining. Solwara 1 appears to be a well-planned, carefully
developed project with a clear opportunity to dramatically reduce
the social and environmental impacts of copper mining.

►► All of our electronic devices use copper
Image credit: Judit Klein via Flickr
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◄◄ Drinking Fountain
Image credit: Jeff Turner via Flickr
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Introduction

Environmental and Social Benchmarking Analysis

The Nautilus Minerals Inc. Solwara 1 Project

Since early human history, copper has
held an important position in human
development. Today, its value is no less
significant.

▲▲ Copper-plate charter of
Budhagupta dated anno 168
Image credit: By Shirazibustan

Economies need nature.
Oxygen, water, food,
energy, minerals, and
materials are just a
few of the products
of natural capital.

Copper continues to have widespread use for humans in
applications from telecommunications to electrical power
generation. As a result, copper mining has become a widespread
industry with significant impacts to both human communities
and the environment. To date, copper mining has been restricted
exclusively to terrestrial mine sites. In this report, we explore the
potential impacts of deep seabed mining through several analyses
that compare the impacts of a proposed deep seabed mine site
known as the “Solwara 1” project with three terrestrial mine sites
located in distinct environments.This study utilizes a natural capital
accounting approach to analyze the impacts of each mine site.
Economies need nature. Oxygen, water, food, energy, minerals, and
materials are just a few of the products of natural capital. Indeed,
all built capital is physically constructed out of natural capital, using
energy derived from natural capital. Understanding the qualities,
quantities and monetary value of natural systems falls within the realm
of social and environmental analysis and natural capital accounting.
Modern business, governments and non-profits rely on accounting
to provide a clear tally of the value of assets and the streams of
benefits or costs to which those assets are tied. Social and natural
capital, however, have often been left off the balance sheet, at
great cost to the communities and ecosystems with which they are
connected. There have been many efforts in recent years to begin
valuing natural capital and the environmental benefits (ecosystem
goods and services) that flow from it. The United Nations, the World
Bank, Global Reporting Initiative, and other organizations have
initiated social and natural capital accounting efforts. For example:
In 2007, the United Nations launched an initiative called “The
Economics of Ecosystems and Biodiversity” (TEEB). TEEB laid
out a framework and a database that demonstrated values for
biodiversity and other services provided by ecosystems, and
identified mechanisms for capturing these values in decision
making.4 This study adapts and builds upon the TEEB framework for
categorizing and valuing ecosystem services in Analyses II and IV.
The Global Reporting Initiative (GRI) has initiated voluntary
sustainability reporting guidelines for private firms in many sectors

Introduction
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of the economy. A number of copper mining companies provide
GRI reporting, although a more complete physical reporting is
needed. Analysis III in this report use several key GRI categories and
examine how Solwara 1 compares to existing copper in a number of
environmental impact areas (e.g. freshwater use, CO2 emissions).

▲▲ Reconstruction of the copper
axe of Ötzi the Iceman, a man
who lived around 3,300 BCE
Image credit: Bullenwächter

Earth Economics houses the most comprehensive database of
natural capital valuation studies in the world, which was used to
conduct Analysis IV. The Earth Economics database contains the
TEEB database as well as five other ecosystem service databases
and thousands of unique studies not yet contained in other
databases. Within the field of natural capital accounting, Earth
Economics is a globally recognized leader in effectively applying
natural capital valuation to decision-making and in advancing the
field.
At the macroeconomic level, the World Bank has initiated a
program at the scale of the nation, called the Wealth Accounting
and Valuation of Ecosystem Services (WAVES) program, which is
developing methods for country-level natural capital accounting.
The WAVES program has initiated work in Botswana, Colombia,
Costa Rica, Madagascar and the Philippines.5 This study is
conducted at the project level and does not use the WAVES
framework; however, it is hoped that information from projectlevel analyses like the one presented in this report can eventually
be used to inform WAVES measures.

Social and natural capital
have often been left off
the balance sheet, at great
cost to the communities
and ecosystems with
which they are connected.

The goal of sustainability implies a relationship between human
economies and natural systems that leaves natural capital in good
health, or restores it to a sufficiently healthy state to support
biodiversity and ecosystem services. In the context of copper
mining, there is much that could be done to ensure that the
mining results in lower impacts to natural capital. This report
contributes to the body of knowledge surrounding copper mining
and identifies and monetizes specific impacts at four mine sites.
In the next few sections, a brief history of copper and a description of
copper’s use in modern society are presented before reaching the first
analysis, which examines two alternatives to copper mining: recycling
and substitution. Analysis I provides an assessment of whether or not
recycling and substitution are viable alternatives to copper mining.
Following this first analysis, this report then turns to the Solwara 1 project
area, describing the state of knowledge of this area of deep seabed.

5
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Environmental and Social Benchmarking Analysis

Selection of Comparison Mines
Next, the report provides a background in natural capital accounting
before presenting the final three analyses, which each provide a
comparison of the impacts of the proposed Solwara 1 deep seabed
mining project and three terrestrial copper mines: Bingham Canyon
(Utah, USA), Prominent Hill (South Australia, Australia), and Intag (a
proposed mine in Intag Province, Ecuador). These mines have been
chosen for comparison with Solwara 1 for the following reasons:
The Bingham Canyon Mine is typical of the large scale terrestrial
copper porphyry deposits that currently account for most of the
world’s copper supply;
The Prominent Hill Mine holds a copper deposit that yields a similar
annual amount copper as the projected copper yields for the
Solwara 1 Project;
The proposed Intag Mine is located in an area containing cloud
forest that is considered to be a unique and sensitive terrestrial
ecosystem with significant species endemism. Similarly, the vent
ecosystems of the deep sea are also considered a unique and
sensitive ecosystem with notable species endemism.
Analysis II provides a description of the ecosystem goods and
services expected to be impacted by the Solwara 1 project while
simultaneously providing a parallel description of the ecosystem
goods and services of the three aforementioned terrestrial mines.
In Analysis III, Solwara 1 is next compared to these three copper
mines in terms of the physical quantities of inputs (water, energy,
land) that are required to produce one metric ton of copper.
We also quantify the amount of mineral waste and carbon
dioxide emitted for every metric ton of copper produced.
Finally, in Analysis IV, the dollar value of annual natural capital
ecosystem goods and services lost is estimated for Solwara 1 and
the three comparison mines, as is the dollar impact of carbon
dioxide emissions. The ecosystem service analysis is based on
existing academic ecosystem service valuation studies, and is
conducted similarly to a business or house appraisal process.

►► Remotely operated underwater vehicle
Image credit: Nautilus

6

7

8

Copper and
the Environment:
A Nano-History

◄◄ Double paisa of Tipu Sultan, undated,
minted at his capital Patan
Image credit: By Rani nurmai
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Environmental and Social Benchmarking Analysis

Copper has been a key resource
in human development, and it
will likely retain its importance
for many years yet to come.
Indeed, copper was the first metal to advance humanity beyond
the Stone Age. The social and environmental impacts of copper
mining and smelting have been present for at least 7,000 years.6
▲▲ Native Copper
Image credit: Element-collection.com

140

metric tons
of ore must be mined
and processed to
extract a single
metric ton of copper
at a typical mine

As ore concentrations
decline, the physical
inputs required per ton
of copper produced,
as well as impacts on
the environment, are
likely to increase.

Initially, native copper (comprised of 98% pure copper minerals) was mined,
but these rare deposits were quickly exhausted and lower grades of ore
were then pursued. Copper ore requires a type of processing called smelting,
which extracts the metal from its ore using heat and chemicals, which can
lead to further environmental impacts. Ancient copper smelting sites have
been found in China, Turkey, Serbia, and Egypt.7 Arsenic commonly occurs
in copper minerals and was combined with copper in early bronze smelting.
Ancient smelting sites are still contaminated with high arsenic levels.8
Copper mining and production have expanded extensively since the
advent of the Bronze Age. The 20th century was characterized by
steep increases in copper production and steep declines in copper ore
concentrations. The rising social and environmental impacts of copper
mining are closely tied to expanding production and declining ore grades.
For example, the Holden Mine in the Pacific Northwest region of the U.S.
was a top U.S. copper producing mine during World War II. In operation
from 1937 to 1957, Holden Mine removed copper ore with an average
concentration of 6%.9 For every 16.6 metric tons of ore hauled out of
the Holden Mine, 1 metric ton of copper was recovered. Unfortunately,
terrestrial copper ores of this concentration have largely been mined
out and concentrations now yield much lower percentages globally.
Today’s largest copper mines, such as the Chuquicamata mine in
Chile, have ore grades in the range of 0.7%. This means that, without
counting the overburden (the rock and soil above the ore deposit
that is removed prior to ore recovery), 140 metric tons of ore must
be mined and processed to extract a single metric ton of copper.
Proposed terrestrial mines, such as the site in Intag, Ecuador,
have average concentrations beginning at 0.7%, and lower. As ore
concentrations decline, the physical inputs required per ton of copper
produced, as well as impacts on the environment, are likely to increase.
Figure 1 shows the decline in copper ore grades since 1900, and
Figure 2 shows declining world ore grades since 1995 in comparison
with the Solwara 1 indicated resource.

The Nautilus Minerals Inc. Solwara 1 Project

Figure 1. ►
Declining copper ore
grades worldwide
Source: Mudd, G.M., 2010.
The “Limits to Growth” and
‘Finite’ Mineral Resources:
Re-visiting the Assumptions
and Drinking From That HalfCapacity Glass. 4th International
Conference on Sustainability
Engineering & Science:
Transitions to Sustainability.

Figure 2. ►
Declining world ore grades since
1995 in comparison with the
Solwara 1 indicated resource
Source:Nautilus
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Waste disposal in copper mines also generally has a large
surface area impact. The compacted rock is blasted loose and
expands in volume by 40% or more. The ore, waste rock and
tailings are typically re-deposited upon the earth’s surface.
As vast features on the landscape, terrestrial copper mines and
their accompanying tailings, dams and leach heaps necessarily
impact the biota, surface water and groundwater, and they
produce significant air and water pollutants, including emissions
of global warming gases. All large open-pit copper mines
operate in groundwater strata. Some mines, such as Bingham
Canyon in Utah, USA are well over one kilometer deep. Like
Bingham Canyon, many copper mines are also located at high
elevations as copper is commonly deposited in volcanically
active periods. In 2013, the Bingham Canyon mine experienced a
catastrophic landslide, though fortunately nobody was hurt.10
There is a long history of
conflict between mine
operators and people
living within, around,
and downstream of
copper mines, tailings,
and smelter sites.

With few exceptions, people inhabit or directly use the landscapes
where copper mines are established. There is a long history of conflict
between mine operators and people living within, around, and
downstream of copper mines, tailings, and smelter sites. Appendices D
and E provide several examples of copper mine and smelter impacts
on local communities.
To date, the 7,000-year history of copper mining has been exclusively
terrestrial, but companies are beginning to consider deep seabed
mining as a means to achieve copper production goals and potentially
reduce impacts. Deep seabed mining eliminates many inherent issues
associated with terrestrial mining due to a lack of human inhabitants
within the mine site and a lack of long-term liabilities remaining after
the mine is closed. Additionally, copper deposits currently discovered
at the seabed are not buried beneath large volumes of rock and soil
that are considered ‘waste’ material, and therefore require much
less overburden removal than their terrestrial counterparts.
Deep seabed mining needs to be conducted responsibly and
sustainably with a firm base in solid science and economics that
fully accounts for the social and environmental costs and benefits
of such mining operations. Careful accounting of these social and
environmental impacts provides critical information in understanding
the full costs and benefits of these mining operations.

The Nautilus Minerals Inc. Solwara 1 Project
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Copper is necessary for the
expansion of renewable
energy resources such as
wind, wave, geothermal,
and tidal power.
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Today, copper, iron and gold are amongst the most widely used
metals in modern society.11 Copper, in particular, is used for a wide
range of purposes and is a key element of progress in modern
economies. It is currently essential to nearly all equipment powered
by electricity. Modern plumbing, which delivers potable water,
is heavily dependent upon copper pipes and fittings. Copper is
antimicrobial, and therefore highly useful in medical applications.12
Copper components are found in many items that define the
built capital of economic advancement, including refrigerators,
cell phones, generators, computers, medical apparatus, plumbing
pipes, communications transmission and power tools.
In the production of electrical power, copper is by far the best
element for the windings on generators. It is used exclusively in

Figure 3. ►
World Refined Copper Production,
1960-2012. Units in thousand
metric tonnes. With the
emergence of solvent extractionelectrowinning (SX-EW) technology,
refined copper produced from
leaching ores has been on the rise,
increasing from less than 1% of
world refined copper production
in the late 1960’s to 18% of world
output in 2012.
Source: ICSG.

21 billion

kilowatt hours
of electricity are
produced worldwide
each year, which all
depend on copper

power station generators whether the energy source is coal, gas,
oil, hydro, nuclear, wind, wave, geothermal, or solar (steam) power.
Over 21 billion-kilowatt hours of electrical power were produced
globally in 2012,13 and these hours were fully dependent upon
copper windings. Copper is necessary for the expansion of renewable
energy resources such as wind, wave, geothermal, and tidal power.
For many uses, there is no known substitute for copper. Copper is
ubiquitous in specialized electronics. Instruments utilizing copper are
necessary in agriculture, steel production, software development,
retail sales, teaching, surveying, and virtually every activity
using electricity or technology. Copper is essential to all modern
economies and the production of virtually all goods and services.
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Copper Demand and Supply
According to the International Copper Study Group, total refined
copper production for 2013 was 21.0 million metric tons, yet world
consumption of refined copper stood at 21.2 million metric tons,
drawing standing copper stocks down. The first quarter of 2014 saw
a 5% rise in copper production, and over 8% rise in consumption,
further reducing copper reserves.14

2040
the year world
copper production
is predicted to
begin declining

Copper consumption has steadily grown along with the global
economy, and it is expected to continue to grow as greater numbers
of people have access to electricity, plumbing and modern appliances.
The World Bank, for example, has launched lending for rural
electrification in the Sub-Saharan Sahel region of Africa with the
goal of providing power to an additional 60 million people who are
without electricity today.15This venture would require untold amounts
of copper for implementation, yet this expansion is still dwarfed by
the current scale and rate of rural electrification in India and China.
China currently utilizes about 40% of the world’s copper production.
China is also the global leader in copper smelting, producing
nearly 6 million metric tons of refined copper in 2013 alone.16
Another factor in the increasing demand for copper is that many
industrialized nations also have aging power grids. Improvements
and capacity expansion of grids in the US, Europe, Japan and
Australia continue. To further complicate the picture, a 2014
study published in the journal Science predicted that we may be
approaching “peak copper”, the time when extraction levels begin
to decline due to dwindling accessible reserves (see Figure 4).
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Finally, copper is not only used as an industrial commodity. Currently,
refined copper ingots are widely used in China as collateral for
business loans. There is significant concern that the stock of copper
used as collateral is oversubscribed.18 These collateral and other
speculative holdings of copper make understanding demand and
supply somewhat more complex than for other commodities.

The Long-Term Liability of
Copper Mining
Clearly, copper mining is important to human development, yet it does
not come without costs. Terrestrial copper mining involves significant
and often permanent ecological impact. Invariably, the local biodiversity,
surface water and groundwater are impacted. Land covers from forests to
wetlands and from deserts to coral reefs are often severely and perhaps
irreversibly degraded. Mines move earth on a large scale. Tailings from
underground or surface mines are typically measured in the hundreds
of millions of metric tons. Terrestrial mining also involves impacts to
indigenous peoples, communities, farms, towns, cities and coastal areas.
▲▲ Holden Mine Site:
View of Mill Building
Image credit: USFS

Figure 4. ►
Peak Copper
Source: Kerr, R.A., 2014.17

Terrestrial copper mining
involves significant
and often permanent
ecological impact.

Active mining operations are not the only threat to local environments
and communities. Closed or completed mines can also pose
environmental risks and impacts in the form of ongoing rehabilitation
requirements. The Holden Mine in Washington State, USA, is one such
example. Now owned by Rio Tinto, the mine closed in 1957. In 2012,
U.S. Federal Agencies ruled that, even in spite of its lack of on-site
production activities, Rio Tinto was responsible for remediation of the
mine site. The corporation subsequently embarked on a $200 million
remediation project that is slated for completion in 2015.19 Holden was
an underground mine; however, over 100 million metric tons of tailings
and acid leach heaps are currently eroding and leaching arsenic and
other heavy metals into Lake Chelan and the Columbia River. However,
even with a $200 million remediation expense, the wall to hold back
erosion and the wastewater treatment system that will remove arsenic
and other contaminants are not necessarily a permanent solution. In
future decades, the more than 100 million metric tons of waste will likely
continue to erode. Fifty-year flood events could wash enormous amounts
of waste beyond the retention wall. There is often no permanent or
cost-effective solution to the problem of hundreds of millions of metric
tons of hazardous mining waste located in an upper watershed.20
Liability from historic terrestrial mining goes largely unmeasured
worldwide, but estimates are substantial by any industry expert’s
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speculation. Aside from liability, other requirements of mining also come
with high costs. In recent history, falling in-situ copper ore grades have
required increased earth moving and processing that in turn require
greater energy inputs for every metric ton of copper produced. Moving
hundreds of millions of tons of rock demands energy. In Chile, for
example, over 20%, or approximately 3,400 megawatts (MW), of national
electrical production is consumed by the copper industry alone. Power
and water constraints now limit the expansion of copper mines in Chile.
Planned mines such as Intag in Ecuador require the construction of new
hydroelectric dams to provide sufficient power for the mine operations.
▲▲ Bio Bio river dam
Image credit: Roberto Araya Barckhahn

The history of terrestrial
copper mining, and its
large-scale impacts
warrants a consideration
of alternative options for
future copper mining.
One alternative is the
careful and responsible
mining of copper resources
on the seabed.

Additional examples of the impacts of copper mines are provided in
Appendix E.
The history of terrestrial copper mining, including its large-scale
impacts, challenges to rehabilitation, and history of significant
incidents, warrants a consideration of alternative options for future
copper mining. One such alternative is the careful and responsible
mining of copper resources on the seabed. Seabed mining, however,
should also be assessed for environmental and social impacts. One way
to determine whether this alternative should be considered viable in
the future is to complete a natural capital assessment of a potential
seabed mine and to compare it with the natural capital assessment of a
number of existing or proposed terrestrial mines. This report provides
that analysis, recognizing that better natural capital accounting in the
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terrestrial mining industry is also needed in order to fully comprehend
the risks and benefits of both terrestrial and marine copper mining.
Before comparing the Solwara 1 deep seabed mining project with
the three terrestrial mines, the following Analysis I examines the
potential for displacement of mining with recycling and substitution.

Conclusions

The social and environmental impacts of open-pit copper mines can be
tremendous. Terrestrial mines often have large geographic footprints
that expand even after the mine closes as gravity carries mine tailings
away from the mine site and eventually to the sea. The Ok Tedi Mine
in PNG, for example, has deposited mine material and impacted 620
miles (1000 km) of the Fly River (the longest River in PNG). Hundreds of
millions of metric tons of waste rock and mine waste material dumped
into the Fly River have increased sediment load to the river by 5-10
times the natural background rate, and increased copper levels in the
river system have reached 15 times the natural background rate.21
Mining disasters too, are not uncommon. The Marcopper mine in
Marinduque, the Philippines, is a prime example of the catastrophic
effects that mining disasters can create. In 1996, a retention dam
at the mine failed, causing 84 million metric tons of mine tailings, of
which 4 million metric tons were rich in sulphuric acid from copper
leaching, to be released into the Makulapnit-Boac river system.
The spill inundated over two-dozen communities and impacted 12
fishing villages by smothering a stretch of the river, the area’s nearby
towns, and the coral reef at the river’s outlet with mine tailings.22
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▼▼ Offshore windmills
Image credit: Vattenfall via Flickr

1
2
3

Over 7 billion people use copper. It is essential to achieving human
development goals.

4

The concentration of copper in terrestrial ore deposits is declining.
This decline is increasing financial, social, and environmental
costs associated with production, on a cost-per-metric ton basis.

Copper is vital for producing numerous forms of
electrical power, clean water, and technology.
Terrestrial copper mining has significant social and environmental
impacts. Risks of terrestrial mining include displacement
of communities, water contamination, and damage to
downslope communities from waste rock and tailings.
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Analysis I
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Substitution

◄◄ Copper fittings
Image credit: Tony Hisgett.
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Can Copper Recycling and
Substitution Displace Mining?
At a first look, recycling appears to be a viable option
to displace mining.

▲▲ Scrap copper, one source of
recycled copper
Image credit: www.scrapmetalsydney.com

Recovering and recycling
copper helps meet global
demand, conserves
natural resources, and
reduces environmental
and social externalities.

40 million

metric tons
of CO2 emissions
avoided each year by
copper recycling

Copper is virtually 100% recyclable; as an element, it does not
decay. Copper does not lose physical, chemical, or performance
properties with recycling processes, so recycled copper is no
different from copper smelted from ore. Recovering and recycling
copper for reuse helps meet global demand, conserves natural
resources, and improves sustainability by reducing environmental
and social externalities. The process of recycling copper, called
secondary production, also uses up to 85% less energy than
primary production (mining). Overall, the current level of copper
recycling saves an estimated 100 MW of electrical energy
and 40 million metric tons of CO2 worldwide each year.23
Currently, recycling provides approximately 30% of the global
copper supply. Copper prices are high. The global recycling market
is large, brisk and efficient, and there is a strong global awareness
that recycling copper provides income. However, it appears that
there is no vast stock of copper easily available and simply waiting
to be recycled. Copper has a long useful life in most products. In
fact, most of the copper mined since 1900 is still in use.24 With
no vast copper resources available for recycling, the potential for
fully replacing mining with recycling simply cannot be realized.
Mining today continues to provide the majority of the copper supply.
The ever-increasing demand for copper has already reached 24 million
tons/year and continues to rise, but this demand is also highly sensitive
to economic downturns, particularly in the housing market. Additional
copper recycling will be necessary to keep up with the growing demand,
but this will not relieve the full demand for copper from mining.25
As it is clear that recycling will not supply enough copper to meet
growing global demands, the only option left available for displacing
mining is substitution. For many applications, copper is a difficult
material to replace because it performs so well as a power and heat
conductor. Carbon-based conductor replacement materials are on the
technological horizon, but they are simply not yet present in quantity.26
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30%

of the global
copper supply
is provided by recycling
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Fiber optics cable technology, used in many telecommunications
applications, provides an example of a superior substitute for copper in
one industry. Fiber optic cable is far faster and more efficient at conducting
communications signals than copper, and it has significantly reduced what
would have been the demand for copper without fiber optic development.
Optic fiber is unquestionably a superior substitution for copper in longhaul communications, and markets have powered this substitution.
Another example of substitution is in aircraft wiring. In this case,
aluminum wire is more efficient than copper in the conductivity to
weight ratio. However, when weight is not a factor, copper remains
the better option. Aluminum has a greater expansion coefficient,
which has caused a greater frequency of house fires in aluminum wired
houses than in copper wired houses.27

Overall, it is clear that
continued mining is
required to meet growing
copper demand and to
ensure that more people
living in poverty can avail
themselves of modern
power, drinking water
and electronic goods.

Other substitutes such as Pex and aluminum wiring remain more costly,
with less overall performance value and therefore less sustainability
than copper. Substitution could provide a significant and less costly
source of copper; however, supply would still be insufficient.
Overall, it is clear that continued mining is required to meet growing
copper demand and to ensure that more people living in poverty
can avail themselves of modern power, drinking water and electronic
goods.28 Much of the current copper consumption provides new
services such as rural electrification, residential construction,
and industrial applications, particularly in China and India.
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Conclusion of Analysis I: Copper
Recycling and Substitution
as Alternatives to Mining
The demand for copper
outstrips the available
supply. Recycling,
substitution, and copper
mining are required to
meet global demand.

There are two main paths that could potentially reduce the need
for additional copper mining. The first option would be to redesign
products so that more copper can be pulled from these products when
their useful life is complete. The second route would be the substitution
of other materials and technologies for a significant portion of
the copper stock currently in use. This would require a system for
replacing the services of copper and cheaply mining built capital
copper stocks without damaging in-use buildings and other facilities.
Though this approach may be viable in the future, it is not yet feasible,
and the demand for copper still outstrips the available supply,
including recycling and substitution. For a more in-depth
discussion of recycling and substitution, please see Appendix C.
Three important conclusions are:

1

Copper recycling prices are high, with brisk, robust copper
recycling markets. However, there is not much idle copper
available to be recycled.

2

Copper recycling is likely limited to around 35% of global supply,
and the substitution of other materials and technologies for the
currently in-use copper stock will not be realized in the
near future, thus, demand for copper ore will remain
high and copper mining will likely expand globally.

3

Even if recycling a significant portion of the current global built
capital stock became feasible, copper ore mining would still be
required in order to meet global demand.

As it is clear that neither recycling nor substitution can fully displace
mining, the question remains of how best to mine copper with the
fewest negative externalities or damaging impacts to communities,
biodiversity, water quality, and natural systems. This report aims to
contribute to the knowledge of best copper mining practices through a
comparison of the Solwara 1 site and the three terrestrial mine sites.
►► Fiber optic cable
Image credit: Groman123 via Flickr
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◄◄ North Su, active subsea volcano
Image credit: Nautilus
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The deep seabed environment, which is the proposed
location of the Solwara 1 mine, is a unique area.
The Solwara 1 site is located 30 km off the shore of PNG in the
Bismarck Sea near an area known as the “Coral Triangle”. This area
occupies approximately 2% of the Earth’s seafloor, yet it contains
76% of the world’s coral population and 37% of the world’s coral
fish population.29 The proposed Solwara 1 mine site is not near
the coral reef area, as it is located 30 km offshore at a depth of
1,600m, far below the phototrophic level where sunlight reaches.
The proposed mine site
is located in an area with
a great deal of volcanic,
seismic and hydrothermal
activity that causes regular
disturbances, estimated
to be comparable to the
disturbances caused
by mining activities.

The proposed mine site is located in an area that boasts several
underwater volcanoes, and thus there is already a great deal of
volcanic, seismic and hydrothermal activity in the area that causes
regular disturbances that are estimated to be comparable to the
disturbances caused by mining activities. The North Su underwater
volcano has been erupting for many decades and has a plume much
larger than the mine disturbance is predicted to be. The plume also
extends higher than the predicted mine impact plume, and there
is no evidence to date of the volcanic plume extending into the
epipelagic (upper) part of the ocean, even though it occurs higher
in the water column than the Solwara 1 mine plume will occur.
Vent fauna is naturally more abundant at sites such as Solwara 1
that are actively venting, than at other deep seafloor areas where
venting does not occur. However, species density and diversity at
both Solwara 1 and the South Su reference site is low for all habitat
zones when compared with other vent systems worldwide.30 A
full list of the species at Solwara 1 can be found in the publicly
available Nautilus Environmental Impact Statement. High levels of
genetic diversity amongst microorganisms have also been found
at the Solwara site, with few “dominant” species.31 Typical ranges
for any given species are generally below one meter. Species
only feet away from each other might have little to no relation or
shared genetic material.32 This may be due to limited data, not
limited microbial migrations as the current provides mobility.33
Vent systems in the Solwara 1 mine area exhibit dramatic disturbance,
with vents naturally turning on and off with variations in volcanic
activity. When vents turn off, the associated vent fauna dies off
almost immediately, and newly formed vents are colonized by larval
recruits.34 Areas of inactive venting where hard substrates occur are
also influenced by the venting activity, potentially utilizing active vents
as an upstream food source, although it is more difficult to discern
►► Location of the Solwara 1 site
Image credit: Nautilus
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The area surrounding
Solwara 1 is among
the best-studied deep
seabed areas in the world,
having been studied and
surveyed by research
teams since 1993.

30+
Independently Published
acAdemic articles
related to Solwara 1
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the relationship between active and inactive hard substrates.35 As
Nautilus indicates, this natural phenomenon may indicate that the
mine site could recover relatively quickly following disturbance, if
adequate hard substrates and larval recruits are available. Research
in the East Pacific Rise seems to support this expectation.36
The 1,600 m depth of the Solwara 1 site, the high level of background
sulphur content, and the significant natural shocks that already
occur in the terrain surrounding the mine site37 suggest that
it is unlikely that the Solwara 1 project could significantly and
permanently alter this deep seabed ecosystem. However, Nautilus
has also adopted a precautionary principle-based approach to
environmental management and has identified a reserve area,
South Su, for preservation as a source for larval recruitment
following mining.38 The suitability of this site as a reserve for
Solwara 1 was determined with a series of scientific investigations
carried out by independently contracted genetics specialists.39
Finally, the Solwara 1 site is small, a mine site area of 11 hectares,
with a total maximum predicted disturbance of 14 hectares, and wellstudied. By all indications, this location appears to be preferable for
deep sea mining. The mining and rehabilitation process will enable
Nautilus and research institutions to gather more data from the deep
seabed of both undisturbed and disturbed environments, and to
monitor the recovery of the area and species after mining is completed.
Deep seabed environments are generally not well-studied due to
the constraints of time, expense, and logistics. However, the area
surrounding Solwara 1 is among the best-studied deep seabed areas,
having been studied and surveyed by a number of deep seabed
research teams since 1993. The Woods Hole Oceanographic Institute
provides a study of the general state of knowledge concerning life
associated with deep seafloor massive sulfide deposits. The study
shows the dearth of knowledge about these ecosystems compared
to the relative abundance of knowledge about the Solwara 1 site.40
There are over 30 independently published research articles relating
to Solwara 1, in addition to the internal studies completed by Nautilus.
These articles are publicly available and independently peer reviewed.
A summary of these studies is provided in Table 1 below.

◄◄ Topography of the Solwara 1 site; Image credit: Nautilus
▼▼ Table 1. (following pages) Summary of Independently Published Articles on Solwara 1
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No.

Report Title

Full Citation

1

A biological survey method applied
to Seafloor Massive Sulphides
with contiguously distributed
hydrothermal vent fauna

Collins P.C., Kennedy R., Van Dover C.L. (2012) A biological survey method
applied to seafloor massive sulphides (SMS) with contagiously distributed
hydrothermal-vent fauna, Marine Ecology Progress Series, vol. 452, pp. 89107.

Application of biological studies
to deep-sea governance and
management of deep-sea resources

Van Dover, C. L., Arnaud-Haond, S., Clark M., Smith, S., Thaler, A. D., Van den
Hove, S. (2011) Application of biological studies to deep-sea governance
and management of deep-sea resources. Biological Sampling in the Deep
Sea, Wiley-Blackwell Publishing, 488pp.

Biogeography ecology and
vulnerability of chemosynthetic
ecosystems in the deep sea

Baker, M. C., Ramirez-Llodra, E. Z., Tyler, P. A., German, C. R., Boetius, A.,
Cordes, E., E., Dubilier, N., Fisher, C., R., Levin, L., A., Metaxas, A., Rowden,
A. A., Santos, R. S., Shank, T. M., Van Dover, C. L., Young, C. M., Waren,
A. (2010). Biogeography, Ecology and Vulnerability of Chemosynthetic
Ecosystems in the Deep Sea, Life in the World’s Oceans: Diversity,
Distribution, and Abundance, McIntyre, A, D. (Ed), Chapter 9, pp. 161-182,
Blackwell Publishing Limited.

2

3

4

Vrijenhoek, R. C., Collins, P, and Van Dover, C. L. (2008). Bone-eating
Bone-eating marine worms- habitat
worms: habitat specialists or generalists? Proceedings of the Royal Society,
specialists or generalists?
doi:10.1098/3sbp.2008.0350.

5

Characterisation of 9 polymorphic
microsatellite loci in Chorocaris
sp. (Crustacea, Caridea,
Alvinocarididae) from deep-sea
hydrothermal vents

Zelnio, K. Z., Thaler, A D., Jones, R. E., Saleu, W., Schultz, T. F., Van Dover, C.
L., Carlsson, J. (2010). Characterisation of nine polymorphic microsatellite
loci in Chorocaris sp. (Crustacea, Caridea, Alvinocarididae) from deep-sea
hydrothermal vents, Conservation Genetic Resources, vol 2, no. 1, pp. 223226.

Characterization of 10 polymorphic
microsatellite loci in Munidopsis
lauensis, a squat-lobster from the
southwestern Pacific

Boyle, E. A., Thaler, A. D., Jacobson, A., Plouviez, S., Van Dover, C. L. (2013).
Characterization of 10 polymorphic microsatellite loci in Munidopsis
lauensis, a squat-lobster from the southwestern Pacific, Conservation
Genetic Resources, vol. 4, no. 4, doi 10.1007/s12686-013-9872-1.

Characterization of 12 polymorphic
microsatellite loci in Ifremeria

Thaler, A. D., Zelnio, K. A, Jones, R. E., Carlsson, J., Van Dover, C. L.,
Schultz, T. F. (2010). Characterization of 12 polymorphic microsatellite
loci in Ifremeria nautilei, a chemoautotrophic gastropod from deep-sea
hydrothermal vents. Conservation Genetic Resources, vol. 2, pp. 101-103.

6

7
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12

Designating networks of
chemosynthetic ecosystem
reserves in the deep sea

Van Dover, C. L., Smith, C. R., Ardron, J., Dunn, D., Gjerde, K., Levin, S., Smith,
S. (2011). Designating networks of chemosynthetic ecosystem reserves in
the deep sea, Marine Policy, vol. 36, pp. 378-381.

13

Distribution and Sources of Trace
Metals in Volcaniclastic Sediments of
the SuSu Knolls Hydrothermal Field,
Manus Basin, Papua New Guinea

Hrischeva, E. H., and S. D. Scott. (2007). Distribution and Sources of Trace
Metals in Volcaniclastic Sediments of the SuSu Knolls Hydrothermal Field,
Eastern Manus Basin, Papua New Guinea. American Geophysical Union Fall
Meeting Abstracts, vol. 1, p. 0750.

14

Host-Symbiont Relationships in
Hydrothermal Vent Gastropods of
the Genus Alviniconcha from the
Southwest Pacific

Suzuki, Y., Kojima, S., Sasaki, T., Suzuki, M., Utsumi, T., Watanabe, H.,
Urakawa, H., Tsuchida, S., Nunoura, T., Hirayama, H., Takai, K., Nealson, K.
H., and Horikoshi, K. (2006). Host-Symbiont Relationships in Hydrothermal
Vent Gastropods of the Genus Alviniconcha from the Southwest Pacific,
Applied and Environmental Microbiology, vol. 72., no. 2, pp. 1388-1393.

15

Evidence for a
chemoautotrophically based food
web at inactive hydrothermal vents

Erikson, K. L., Macko, S. A. and Van Dover, C. L. (2009) Evidence for a
chemoautotrophically based food web at inactive hydrothermal vents
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What Is Natural Capital?

Ecosystem goods
and services are the
benefits that people
derive from nature.

Like any form of capital, natural capital provides a flow of goods and
services. These ecosystem goods and services are the benefits that
people derive from nature. In other words, the infrastructure and
assets (e.g., forests and watersheds) of any given ecosystem perform
natural functions (such as intercepting rainfall and filtering water)
that provide goods and services that humans need to survive (e.g., a
clean water supply and reduction of peak flood flows downstream).
Most of these goods and services are largely taken for granted.
Breathable air, drinkable water, nourishing food, flood risk reduction,
waste treatment, and stable atmospheric conditions are all prime
examples of underappreciated ecosystem goods and services.

► Figure 5.
The Link between Natural Capital
and Functions and the Provision
of Ecosystem Goods and Services
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Natural capital performs a wide range of functions that are critical
to human health and well-being. Without natural capital, we would
not have the benefit of its service. Figure 3 illustrates the relationship
between natural capital and the production of ecosystem services.

In the following section, a foundational explanation
of natural capital is provided in order to form the
basis of the final three analyses of this report.
Economies depend upon four key types of capital: built, natural,
financial, and human. Built capital consists of cars, houses,
machinery, software, and the “tangible systems that humans
design, build and use for productive purposes.”41 All built capital
is created from natural capital, which is composed of energy and
materials from nature. Natural capital consists of the “minerals,
energy, plants, animals, ecosystems, (climatic processes, nutrient
cycles and other natural structures and systems) found on Earth
that provide a flow of natural goods and services.”42 Financial
capital consists of the stocks, bonds, equity, collateral, currency,
precious metals, paper and electronic currency that people accept
as holding exchange value. Human capital consists of people,
their education, health, skills, labor, knowledge, and talents.43

Ecosystem Goods and Services: A Primer

The Importance of Valuing Ecosystem
Services and Accounting for Natural Capital
The benefits of ecosystem
goods and services are
similar to the benefits
typically valued in the
economy, such as the
services and outputs of
skilled workers, buildings
and infrastructure.

Understanding and accounting for the value of natural capital assets
and the ecosystem services they provide can reveal the economic
benefits of investment in natural capital. Throughout economic history,
new means of measuring economic contributing factors has been
necessary. In 1930, all nations lacked measures of Gross Domestic
Product (GDP), unemployment, inflation, consumer spending, and
money supply. Benefit-Cost Analysis and rate of return calculations
were initiated after the 1930s to examine and compare government
investments in built capital assets such as roads, power plants,
factories, and dams. Private companies have relied on increasingly
sophisticated approaches to calculating the expected rate of return on
investments (ROI). As these examples demonstrate, decision-makers,
both private and public, were investment blind without the basic
economic measures and tools which are now widely accepted and
expected in guiding the vast scale of investment in today’s economy.
It is high time that valuation of natural capital assets and ecosystem
services because a part of investment planning.
The benefits of ecosystem goods and services are similar to the
economic benefits typically valued in the economy, such as the
services and outputs of skilled workers, buildings and infrastructure.
Many ecosystem goods such as fish, fruit and water are already valued
and sold in markets. Some ecosystem services, however, are not
amenable to markets and have not been traditionally valued, even
though they provide vast economic value. Flood protection and climate
stability are prime examples of ecosystem services that provide vast
value and yet go largely unvalued within traditional accounting. To
illustrate, when the flood protection services of a watershed are lost,
economic damages from floods can include job losses, infrastructure
repairs, reconstruction and restoration costs, property damages
and deaths. Conversely, when investments are made to protect and
support these services, local economies are more stable and less
prone to the sudden need for burdensome expenditures on disaster
mitigation. In addition to the economic value associated with these
avoided costs, natural capital such as healthy watersheds provides a
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myriad of other services, including water supply, carbon sequestration,
water filtration, biodiversity and more. All ecosystem services
provide additive economic value locally, regionally and globally.

When natural capital
assets and ecosystem
services are not
considered in economic
analysis, they are
effectively valued at zero.
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Today, there are now economic methods available to quantify and
value natural capital and many non-market ecosystem services.
When valued in dollars, these services can be incorporated into
a number of economic tools, including benefit-cost analysis,
accounting, environmental impact statements, asset management
plans, and rate of return on investment calculations. Their inclusion
ultimately strengthens decision-making. When natural capital
assets and ecosystem services are not considered in economic
analysis, they are effectively valued at zero. This omission can
lead to poor decisions, inefficient capital investments, higher
incurred costs, and losses due to unexpected events.
Ecosystem goods and services flow from natural capital and provide
direct economic benefits to people from a range of terrestrial and
marine ecosystems. As such, ecosystem services and natural capital
accounting are inherently related to people. However, due to the
remote nature of deep seabed mining, far fewer ecosystem goods
and services, and ultimately people, are impacted. For example, there
is no surface or groundwater freshwater contamination at the mine
site in Solwara 1 (discussed further in Analysis II). This is remarkable, if
not unprecedented, in the history of copper mining, and it removes a
major environmental impact from the mining process. The mine site
itself is unaffected by surface and groundwater contamination, but
damage to surface and groundwater can still take place later on in the
process as the ore is concentrated and refined at the smelting site.

Protecting Assets, Saving Lives, and Reducing
Taxpayer costs: Accounting for Natural
Capital in US Federal Benefit-Cost Analysis
Correctly calculating return on investment is critical for
success in private industry and government, and a full
calculation will include natural capital. The US Federal
Emergency Management Agency’s (FEMA) recently instated
use of ecosystem service values provides a clear example of
the benefits of including natural capital in consideration.
In post-disaster recovery, FEMA uses benefit-cost analysis
to determine where to invest its resources for the greatest
benefits relative to taxpayer cost. FEMA has developed its own
BCA Toolkit, a software package that is used to measure the
cost effectiveness of disaster recovery projects (such as helping
home or business owners to rebuild) and determine eligibility
for funding through the agency’s hazard mitigation program.
However, the previous FEMA BCA Toolkit did not value
floodplain lands (subject to structure buyout) for their flood
risk reduction value, habitat, and other benefits. By moving
structures out of the floodplain, rather than rebuilding them,
the effective area of the floodplain is expanded and provides
additional flood risk reduction to other properties up and
downstream by storing and/or better conveying floodwaters.
These lands also protect water quality, reduce sedimentation,
provide recreation and secure other economic benefits.
In 2012, Earth Economics provided FEMA with 17 ecosystem
service values for inclusion in the updated FEMA BCA Tool. An
expert panel reviewed the values, as well as FEMA staff and
management. The values were tested on past flood applications
and were found to improve decision-making, reduce repetitive
damage, protect human life, and lower disaster expenditures.
By valuing flood protection benefits of restored floodplains,
for example, FEMA has the economic tools to better spend
mitigation funds with clearer knowledge of when to remove,
rather than rebuild, structures in areas that experience
frequent flood or hurricane damage.
These values were approved for use beginning in 2013.
Realizing the potential savings to taxpayers, homeowners,
and businesses, FEMA also adopted these values for the
FEMA mitigation portion of $59 billion dollars of mitigation
and recovery funds allocated to Hurricane Sandy.
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A Framework for Assessing Natural
Capital and Ecosystem Services
The landmark Millennium
Ecosystem Assessment
provides a framework
that classifies ecosystem
services into four
broad categories.

In 2001, an international coalition of over 1,360 scientists and
experts from the United Nations Environmental Program, the World
Bank, and the World Resources Institute initiated an assessment of
the effects of ecosystem change on human wellbeing. A key goal
of the assessment was to develop a better understanding of the
interactions between ecological and social systems, and in turn
develop a knowledge base of concepts and methods that would
improve our ability to “…assess options that can enhance the
contribution of ecosystems to human well-being.” As a result of this
study, the landmark Millennium Ecosystem Assessment (MEA) was
produced, providing a framework that classifies ecosystem services
into four broad categories according to how they benefit humans.
These four broad categories are now commonly used descriptions
in the field of ecological economics. Although the deep seabed
has not yet been well studied in relation to each of the major
MEA framework categories, this study presents a groundbreaking seabed analysis. The four overarching categories are
discussed below, followed by descriptions of these ecosystem
services as they appear at the Solwara 1 deep seabed site.
Provisioning goods and services provide physical materials
and energy for society that vary according to the ecosystems in
which they are found. Forests provide lumber, while agricultural
lands grow food and rivers provide drinking water.
Deep seabed provisioning goods include oil and gas reserves, and
potentially minerals such as copper, gold, manganese, other metals
and rare earth minerals. There are vast areas of the deep seabed
that contain a significant abundance of resources and low-density
distributions of life. Species-rich high-density faunal communities
are also found near vents in the deep sea (though by terrestrial
or coastal marine standards, species diversity is still very limited
in these areas). Squid and other harvested species migrate from
moderate depths to feed close to the surface. Life at the seabed
may also hold pharmaceutical or medicinal goods and other
benefits to humanity as well as species as yet undiscovered.
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Regulating services are benefits obtained from the natural control
of ecosystem processes. Intact ecosystems provide regulation
of climate, water quality, delivery timing, and soil erosion or
accumulation, and they also keep disease organisms in check.
Degraded systems propagate disease organisms to the detriment of
human health. The difference between regulating and supporting
services is generally that regulating services, such as the storm
protection of wetlands, can be measured and valued. Regulating
services are generally terrestrial or continental shelf-based services
such as freshwater quality, storm and flood buffering (by wetlands,
forests, or coral reefs), erosion control, pollination and such. Climate
stability can be grouped in either regulating services or supporting
services, but TEEB includes climate stability in regulating services.
The deep seabed is the largest, most resilient and long-term location
for carbon sequestration and storage. Most global oil reserves were
formed in oxygen deprived seabed environments. Overall, there are
very few regulating services at the deep seabed, and unlike terrestrial
systems, the regulating services of the deep sea are likely to be highly
resilient to mining activities, particularly on the scale of the Solwara 1
Project, due to the massive comparative size of the ecosystem. Carbon
sequestration in the deep sea, for example, is unaffected by ore mining.
Supporting services include primary productivity (natural
plant growth) and nutrient cycling (nitrogen, phosphorus,
and carbon cycles). These services are the basis of the
vast majority of food webs and life on the planet.
Deep seabed supporting services include globally significant
buffering capacity for nutrient and carbon cycles. Deep seabed
environments span an enormous area of the earth’s solid surface.
Primary productivity is very low in most of the oceanic abyssal plain,
but can be high in vent areas. Habitat and biodiversity are often
included in the supporting services category and are significant
and unique at the seabed. In addition, the large stock of cold water
in the deep sea is a valuable vast global temperature sink. Deep
currents are critical in global climate and weather patterns.
Cultural services are functions that allow humans to interact
meaningfully with nature. These services include providing
spiritually significant species and natural areas, natural places for
recreation, and scientific research and educational opportunities.
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There is clearly great scientific research value for further study of these
relatively little known deep seabed ecological communities. There
have been discussions in the literature about cultural values attached
to the deep sea, but these values are small in comparison to terrestrial
cultural values. For example, there are over 150 separate recreational
activity values in the academic literature associated with natural capital
at the earth’s surface. These include walking, biking, hiking, boating,
swimming, fishing, hunting and such. None of these involve the deep
seabed. Religious, historic, and cultural sites are prevalent on land and
largely absent in the deep sea. The Solwara 1 site is almost unique as a
mining site in the lack of impact to cultural value. Even the most remote
terrestrial copper mines impact cultural values; copper mining in the
Atacama Desert has destroyed important burial sites, for example.
Solwara 1 would have the potential to impact critical cultural values
if the project impacted coastal or terrestrial ecosystems, however.
Table 2 provides an overview of the broad categories of natural
capital goods and services (ecosystem services) with brief
explanations of the associated benefits to people. It should be
noted that these categories also have many sub-categories.
For example, moderation of extreme events includes flood risk
reduction, buffering of tropical storms for wind and water damage,
tidal, storm surge and tsunami impact dampening and more.
The first step in a natural capital accounting process is to identify
natural capital and the ecosystem goods and services present
and potentially impacted by the project. The second step, as data
allows, is to quantify this impact. The third step is, where possible, to
monetize the impact. The following sections present these steps in
regards to the Solwara 1 Project and three comparison mine sites.

Table 2. [following page} ►
Ecosystem Goods and Services.
Adapted from: de Groot et al., 2002 44 and TEEB, 2009.
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Ecosystem Service

Economic Benefit to
People

Ecosystem Service

Provisioning Services
Food

Producing crops, fish, game,
and fruits

Medicinal
Resources

Providing traditional
medicines, pharmaceuticals,
and assay organisms

Ornamental
Resources

Providing resources for
clothing, jewelry, handicraft,
worship, and decoration

Energy & Raw
Materials

Providing fuel, fiber, fertilizer,
minerals, and energy

Water Supply

Provisioning of surface and
Economic
ground
water forBenefit
drinkingto
water,
irrigation andPeople
industrial use

Ecosystem Service

Habitat &
Nursery

Nutrient Cycling

Promotes global nitrogen,
phosphorus, carbon, water
and other nutrient cycles.

Genetic
Resources

Improving crop and livestock
resistance to pathogens and
pests

Cultural Services
Natural Beauty

Enjoying and appreciating the
presence, scenery, sounds,
and smells of nature

Cultural
and Artistic
Information

Using nature as motifs in art,
film, folklore, books, cultural
symbols, architecture, and
media

Recreation and
Tourism

Experiencing the natural world
and enjoying outdoor activities

Science and
Education

Using natural systems for
education and scientific
research

Spiritual and
Historic

Using nature for religious and
spiritual purposes
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Economic Benefit to
People

Regulating Services

CO₂

Biological
Control

Providing pest and disease
control

Climate Stability

Supporting a stable climate at
global and local levels through
carbon sequestration and
other processes

Air Quality

Providing clean, breathable air

Moderation of
Extreme Events

Preventing and mitigating
natural hazards such as floods,
hurricanes, fires, and droughts

Pollination

Pollination of wild and
domestic plant species

Soil Formation

Creating soils for agricultural
and ecosystems integrity;
maintenance of soil fertility

Soil Retention

Retaining arable land, slope
stability, and coastal integrity

Waste
Treatment

Improving soil, water, and
air quality by decomposing
human and animal waste and
removing pollutants

Water
Regulation

Providing natural irrigation,
drainage, ground water
recharge, river flows, and
navigation

Supporting Services
Maintaining genetic and
biological diversity, the basis
for most other ecosystem
functions; promoting growth of
commercially harvested species
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Analysis II:
Identification of
Copper Mine Impacts
for Bingham Canyon,
Prominent Hill, Intag,
and Solwara 1

◄◄ Chimney sampling
Image credit: Nautilus
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▼▼ Figure 6.
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GIS maps of relative sizes of mine sites

Analysis II provides a description of the ecosystem
goods and services expected to be impacted by the
Solwara 1 project, compared with impacts at Bingham
Canyon, Prominent Hill, and the proposed Intag mine.
Solwara 1 mine

Analysis II provides a description of the ecosystem goods and services
expected to be impacted by the Solwara 1 project while providing
a parallel description of the ecosystem goods and services of the
currently operating Bingham Canyon and Prominent Hill mines and
the proposed Intag mine. The section first presents a brief description
of each mine, then the specific ecosystem services are identified and
evaluated in regards to each of the sites. A comprehensive comparison
of the impacts for each ecosystem good or service is provided.

Proposed Solwara 1 Copper Mine,
Bismarck Sea, Papua New Guinea

7%

concentration
of copper in the
mineralized material
at solwara 1 is
considered remarkably
high by terrestrial
mining standards

▲▲ Prominent Hill Mine

Solwara 1 mine

The Solwara 1 deposit and the seafloor production system that Nautilus
proposes to deploy at the Solwara 1 site are well described in the
Nautilus documents. The mineralized material has a remarkably high
concentration of copper (average over 7%45) as well as accompanying
valuable elements such as gold and silver. Copper is present almost
exclusively as chalcopyrite, with pyrite also present. The total area
of mining is projected to be no greater than 11 ha (0.11km2).
For the purposes of this study, it is assumed that the proposed Solwara 1
mine will produce approximately 1,957,000 metric tons of mineralized
material over three years46 at an average grade of approximately 7%
copper.47 Nautilus has not completed a preliminary economic assessment,
pre-feasibility study, feasibility study or any other similar economic
analysis of the proposed development of the Solwara 1 project.48
Solwara 1 may also have an added 3 ha (0.03km2) area of impact due
to disposal of sediment overburden, as well as a larger area which
will be impacted to a lesser extent by sedimentation from the minederived plume. For the calculation of natural capital impacts, this
report uses a total projected maximum mine site and sediment disposal
area of 14 ha (0.14km2).49 This area does not include the zone that
will be impacted by the mine-associated sediment plume. Although
this zone will be subject to increased sedimentation during the mining
period, it is also already subject to naturally high sedimentation
as a result of the activity of the nearby North Su volcano.

Solwara 1 mine

▲▲ Bingham Canyon: Tailings Pond (above) and Mine (below)

▲▲ Proposed Intag Mine*

Solwara 1 mine

Solwara 1 mine

▲▲ Solwara 1 Mine Site, with Tongling Refinery area* (square)

N
0

2

4

Kilometers

*This shape is not indicative of the overall
footprint, as the design is not publically available

▲▲ JFK Airport, New York City

(for size comparison)
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The proposed mining
operations will impact
dense forests in a region
of Ecuador that spans
two of the world’s
34 most biologically
important regions
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Proposed Intag Copper Mine, Intag
Province, Ecuador
Intag is a proposed open-pit copper mine on the western slope of the
Andes within the Intag region in Ecuador. The Intag mining proposal
aims to exploit sulphide deposits with a concentration of 0.7% copper,50
(although notably, this grade is 10 times lower than the grade of the
Solwara 1 deposit), a percentage that is considered feasible by current
terrestrial mining standards. A report carried out by the Japanese
International Co-operation Agency (JICA) estimates that Intag might
have as much as 1.3 billion metric tons of low-grade copper ore.
The proposed mining operations will impact dense forests in a region
of Ecuador that spans two of the world’s 34 most biologically important
regions, the Tropical Andes biological hotspot and the Tumbes-ChocóMagdalena biological hotspot.51 Additionally, the potential mine will
be located high in the Andes Mountains where steep slopes and
high annual rainfall averages abound. The downstream area and
parts of the proposed mine area already have established farming
communities and adjoin the headwaters of the Esmeraldas River.
Over the last decade, the communities of Intag have worked to develop
and implement a prosperous approach to the region’s economy which
does not include mining. This proposal has resulted in very significant
opposition to the mine. A lengthier project description of the Intag copper
mining proposal and a regional ecosystem service analysis is available in
a 2011 Earth Economics report on the Intag copper mine proposal.52

19 million
tons of copper

have been produced
by Bingham Canyon
since 1905

The Nautilus Minerals Inc. Solwara 1 Project

Bingham Canyon Mine, Utah, USA
The Bingham Canyon mine is an open-pit copper mining operation
located in Utah, USA, that is owned by Rio Tinto Group and managed
by Kennecott Utah Copper Corporation. At approximately 1 km deep
and 4 km wide, the mine is one of the deepest open-pit mines in the
world.53 Since the mine’s opening in 1905, the mine has produced over
19 million tons of copper, 715 tons of gold, 5,900 tons of silver, and
386,000 tons of molybdenum.54 In 2013 alone, the mine produced
approximately 194,000 tons of copper, accounting for 25% of all U.S.
copper production,55 and it employed approximately 2,800 people.56
Although Bingham Canyon has proved to be one of the most valuable
mines in the world, it has also generated significant negative impacts
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for the surrounding landscape and communities. As an example, at
least 28 reportable spills were recorded between 1998 and 2011.
These spills resulted in millions of gallons of process water (reportedly
containing arsenic), copper tailings, and sulphuric acid being released
into the environment.57 It is estimated that a 72-square-mile plume
of groundwater is now likely contaminated due to multiple spills over
the years.58 The release of a number of toxic substances including
selenium, copper, arsenic, zinc, lead and cadmium may have also
resulted in significant impacts to fish, bird and wildlife habitats.59

1.1%
the concentration
of copper in ore
at Prominent Hill,
considered above
average by current
terrestrial mining
standards

Prominent Hill Mine,
South Australia, Australia
Prominent Hill mine is a copper mine located approximately 650
km north-northwest of Adelaide in the state of South Australia,
Australia. Employing approximately 1,400 staff and contractors,
the mine consists of the “Malu” open pit mine and the “Ankata”
underground mine. Production at Prominent Hill began in 2009,
and by 2013, the mine produced approximately 73,362 metric tons
of copper and 3.6 metric tons of gold. As of 2014, it was estimated
that the overall mineral resource base at Prominent Hill amounted
to 178 million tons of ore containing 1.1% copper, or roughly
1.9 million tons of copper.60 Prominent Hill is located within the
Woomera Prohibited Area, a restricted-access weapons-testing
site in a desert region, with relatively few adjacent landholders
and downstream users compared to the other terrestrial mines.
Table 3 provides a listing of land cover or seabed classifications
found at the four mine sites as well as a listing of the potentially
associated categories of natural capital goods and services. A white
box indicates that a good or service is not present in the land cover
or seabed natural capital classification. For example, there is no
food harvesting at the Solwara 1 site, and the high levels of heavy
metals present in the seafloor organisms is likely to prevent them
from ever becoming a viable food source.61 Pollination and fresh
water provisioning are not present and have no possibility of being
present at the Solwara 1 site. A orange box indicates the presence
or possible presence of a good or service, and an “X” in the orange
box indicates that market transactions or peer reviewed academic
journal valuation studies exist which can be used to help establish
dollar values for the natural capital goods and services present.
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Table 3. ►
Ecosystem Services Present
and Monetized for Solwara 1
and Comparison Mines
Key
Ecosystem Service Not
Present
Ecosystem Service Present
but No Valuation
x

Ecosystem Service Present
with Valuation Studies

Environmental and Social Benchmarking Analysis

Ecosystem Service

Solwara 1

Prominent
Hill

Bingham
Canyon

Intag

x

x

x

x

The Nautilus Minerals Inc. Solwara 1 Project

Medicinal Resources
Ornamental Resources
Energy & Raw Materials
Water Supply

x
Regulating Services

Biological Control

x

Climate Stability

x
x

x

Air Quality

x

Moderation of Extreme Events

x

Pollination

x

Soil Formation

x

Soil Retention

x

x

Waste Treatment

x

x

Water Regulation

x

x

x

x

x

x

Nutrient Cycling
Genetic Resources

x
x

x

Cultural Services
Natural Beauty

x

Cultural and Artistic Information
Recreation and Tourism
Science and Education
Spiritual and Historic

x

x
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Table 4 below shows the estimated level of impact on each ecosystem
service across Solwara 1 and the three comparison mines. The level of
impact estimates for Solwara 1 was based on a 2008 Environmental
Impact Statement.62 The Prominent Hill mine level of impact estimates
were based on documents published by Prominent Hill mine owner OZ
Minerals.63 The level of impact estimates for the Bingham Canyon mine
were based on sources from mine owner Rio Tinto64 and the EPA.65
The level of impact estimates for the proposed Intag mine are based
on a Japan International Cooperation Agency mine assessment66 and
an Earth Economics analysis of the Intag Region and mining proposal.67

Supporting Services
Habitat & Nursery

|

Table 3 clearly shows fewer potential impacts for Solwara 1 than
for the other mine sites. In the deep seabed environment, up to
11 ecosystem services are produced, while the other terrestrial
environments each contain at least 19 ecosystem services. While
the deep sea environment may also contribute to the regulating
services associated with water regulation and moderation of extreme
events, these services are unlikely to be significant for a footprint
the size of the Solwara 1 Project. There are limited historic market
transactions or valuation studies of the ecosystem services of
deep sea environments in the academic or grey literature, so the
value of these impacts is difficult to quantify. However, significant
ecosystem services that are typically strongly impacted by mining,
such as freshwater supply and quality or soil formation and erosion
control, are not present at the proposed Solwara 1 mine site.

Provisioning Services
Food

Analysis II

2

ecosystem service
valuation studies
have been published on
the deep sea bed to date

Though there is a dearth of information about the value of
ecosystem goods and services provided at the seabed, the issue
of valuing goods and services can be bounded within a framework
and methodology that takes a highly conservative approach by
using the highest terrestrial dollar values where no deep seabed
estimates exist. For example, waste treatment is present at the
Solwara 1 site. It is, however, unquestionably less valuable than a
wetland in processing wastes for an adjacent community because it
is remote from any human habitation and the physical throughput
is far lower. Valuing the loss of waste treatment at Solwara 1 as
if it were equal in value to a terrestrial wetland would clearly
overestimate the damage of waste treatment loss at Solwara 1.

Intag

Provisioning Services

Low impact

Food

0

1

3

3

Moderate impact

Medicinal Resources

0

1

1

3

Key

Significant impact

Ornamental Resources

0

0

0

1

High impact

Energy & Raw Materials

3

3

3

3

Ecosystem Service Not
Present

Water Supply

0

1

3

3

Ecosystem Service Present
but No Valuation
Ecosystem Service Present
with Valuation Studies

Regulating Services
Biological Control

1

3

2

2

Climate Stability

1

1

2

3

Air Quality

1

0

1

1

Moderation of Extreme Events

0

1

3

3

Pollination

0

1

1

3

Soil Formation

0

3

3

3

Soil Retention

0

3

3

3

Waste Treatment

1

2

3

3

Water Regulation

0

1

3

3

Supporting Services
Habitat & Nursery

2

2

3

3

Nutrient Cycling

1

2

3

2

Genetic Resources

1

3

3

3

Cultural Services
Natural Beauty

1

1

3

2

Cultural and Artistic Information

0

1

2

3

Recreation and Tourism

0

0

3

3

Science and Education

1

3

1

2

Spiritual and Historic

0

3

1

3

The deep sea is one of the least studied land cover/seascapes types in
terms of ecosystem services. The first article discussing the ecosystem
functions and services of the deep sea was published by Thurber
et al on July 14, 2014, in Biogeosciences.68 This article provided a
structure for examining ecosystem functions and services provided
by deep marine environments where built capital structures or uses
are either non-existent, present or abundant. A table from that
article has been modified below simply to show presence or potential
presence and marked to show overlap with the Solwara 1 site.

X
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Deep Sea Ecosystem Types
Built and Natural
Capital Goods/
Services Present

Vents and Seeps

Bingham
Canyon

Trenches

Key

Solwara 1

Prominent
Hill

Sea-mounts

Ecosystem Service

Mid-ocean Ridges

► Table 5.
Built and Natural Capital
Goods and Services Present in
Deep Sea Ecosystem Types
Source: Derived from Thurber
et al., 2014, Table 1.

Level of Impact (0 = lowest, 3 = highest)

Margins

► Table 4.
Level of Ecosystem Service
Impact by Mine
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Deep Pelagic

Environmental and Social Benchmarking Analysis

Canyons

Analysis II

Biogenic Habitats
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Abyssal Plains
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Alternative energy

X

Bio prospecting
(Genetic & Medicinal
Resources)

X

Carbon capture and
disposal
Communication cables
Fisheries
Metal-rich sediments
Methane harvesting
Military
Oil and gas extraction
Phosphate mining
Polymetallic crusts

X

Polymetallic nodules
Rare Earth elements
Seafloor massive
sulphides

X

Waste disposal

Four boxes (those with an “X”) in Table 5 show that the site, within the
Thurber et al. classification, could provide metals, alternative energy
and bio prospecting values. These categories are fully contained within
the Earth Economics modified TEEB framework provided above, which
includes additional natural capital benefits such as scientific knowledge.
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Discussion of Impacts of Solwara 1
and Three Comparison Mines

The level of impact estimates for the Prominent Hill mine were based
on documents published by Prominent Hill mine owner OZ Minerals.69
The level of impact estimates for the Bingham Canyon mine were
based on sources from Rio Tinto (mine owner)70 and the EPA.71 The
level of impact estimates for the proposed Intag mine are based on
a Japan International Cooperation Agency mine assessment72 and an
Earth Economics analysis of the Intag Region and mining proposal.73

Intag: The Intag mine will eliminate agricultural production inside the
mine site and may threaten food production downstream, meriting a
high impact classification.

▲▲ Rice varieties
Image credit: IRRI Images

Prominent Hill: There is no threat within the mine site, but
mine waste may threaten downstream food production
in the future. This is, however, a reduced risk due to the
desert ecosystem and land access constraints.
Bingham Canyon: There is no threat within the mine site, but
mine waste and groundwater contamination present a high
and growing threat to downstream food production.
Solwara 1: The mine should have no impact on food provisioning.
The Nautilus Environmental Impact Statement74 examined the
purse seine and long-line fisheries as well as subsistence fisheries.
Tuna migrations do not appear to move through the site’s area,
and tuna does not forage in the deep ocean. The exclusion zone
around the mine site, which prohibits fishing activity, is limited
to 500 m in any direction of the production support vessel. This
is a very small area that is unlikely to impact fishing activities.

54

Medicinal Resources
This service is the production of medicines and
pharmaceuticals useful to people.
Intag: Medicinal resources utilized by local people
were identified as impacted at the Intag site.

Provisioning Services
This service is the provisioning of food for human consumption.

|

Discussion: Threats to food provisioning generally result in social conflict.
Most food is terrestrially produced, although in developing island
economies, much protein is sourced from the oceans. Marine systems
provide critically important foods from wild marine ecosystems. The
Bismarck Sea has important coastal and pelagic fish species; however,
the Solwara 1 site is distant from the coast and 1,600 m below the
surface where no commercial, recreational or subsistence species exist.
The mine is therefore not expected to impact human food production.
Regarding the other terrestrial sites, mines in deserts have less impact
on food provisioning than mines in areas with good soils and rainfall,
though local people relying on desert foods may be severely impacted.

The following discussion identifies each natural capital accounting category
and compares Solwara 1 with the Intag, Prominent Hill, and Bingham
Canyon mines. Each ecosystem service is summarized, its presence or
lack thereof is described for each mine site and, finally, a more in-depth
discussion of the ramifications of impacts to each service is presented.

Food
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▲▲ Medicinal plant
Image credit: Köhler Images

Prominent Hill: The impact to medicinal resources
is low. Some indigenous desert medicinal plants are
present, but within a wide geographic range.
Bingham Canyon: The impact to medicinal resources
is low. Some indigenous desert medicinal plants are
present, but within a wide geographic range.
Solwara 1: Medicinal resources are not discussed in the environmental
impact assessment and are not known to be present at this site. There is
currently no collection of medicinal resources at the site, although sampling
could enable the discovery of medicinal resources. Solwara 1 nevertheless
is given a 0 rating as medicinal resources have yet to be discovered.
Discussion: Tropical areas such as the Intag region boast a greater
diversity of species and genetics with far more proteins and other organic
molecules present than any of the other sites. As a result, there is an
increased potential for the loss of medicinal resources due to mining
activity at this location. Of slightly less concern, both Prominent Hill and
Bingham Canyon do impact known indigenous medicinal resources;
however, the landscape housing these known resources is also vast.
Finally, regarding Solwara 1, there is little information and few existing
investigations concerning medicinal resources from deep seabed
environments. However, Nautilus is planning to include a scientific
laboratory on the production vessel that could facilitate the discovery
of medicinal resources in the deep seabed, if they are indeed present.
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This service creates aesthetics for clothing, jewelry, handicraft, worship
and decoration.

This service is the provision of water quantity (a good) and water
quality (a service).

Intag: Ornamental resources, such as orchids, are present and utilized
by local people.

Intag: The mine site is located in an elevated position in a large, populated
catchment. Population density rises with proximity to the coastal plain. The
mine will have significant potential impacts on water supply and water quantity
in surface and groundwater resources. This catchment provides fresh water
for human consumption, agricultural production, and manufacturing.

Solwara 1: Ornamental resources are not known to be present.

This service is the provision of fuel, fiber, minerals and energy.
Intag: Copper minerals are present at a 0.7 % grade. Energy resources
are not present. Mine operation will require the construction of a dam to
provide sufficient electrical power for large-scale earth moving equipment
such as draglines, but the impact of this dam was not examined.
Prominent Hill: Copper minerals are present, ore grade is
approximately at 1.1%, and solar power could potentially be utilized.
▲▲ Fiber extraction

▲▲ Intag River Valley
Image credit: Ecuador Living

Discussion: Of the comparison sites, only Intag has identified
ornamental resources. Prominent Hill and Bingham Canyon did not
contain any identified ornamental resources. If any ornamental resources
do exist in the Solwara 1 site, they would be virtually impossible for
a local community to collect as the site is 1 mile below the ocean.

Energy and Raw Materials

Image credit: Ecuador Living
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Water Supply/Quality

Bingham Canyon: No threat to ornamental resources has been identified.
Image credit: By Daderot via
Wikimedia Commons
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Ornamental Resources

Prominent Hill: No threat to ornamental resources has been identified.

▲▲ Abalone necklace, Miwok
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Bingham Canyon: Copper minerals are present, ore grade is less
than 1%, but no significant energy resources are present.
Solwara 1: Copper minerals are present at a 7% grade.75 Geothermal
energy is also present at the mine site and could potentially be utilized,
but only at an extremely high cost.
Discussion: The material at Solwara 1 has by far the highest
concentration of copper of all comparison sites. Prominent Hill and
Bingham Canyon have already mined out their highest-concentration
ore, as have most terrestrial mines.

Prominent Hill: This site poses low impacts to surface water and
groundwater quality, and there are possible impacts to aquatic fauna
and riparian vegetation.63
Bingham Canyon: The impact is high, including impacts on water
supply and water quality within the Salt Lake City watershed. The
mine has contaminated surface and groundwater supplies with
acid, metals and sulphates (the contaminated groundwater plume is
currently 70 square miles) that threaten water community supplies.76

Solwara 1 is expected
to have no impact on
terrestrial freshwater
supply or water quality
(surface waters or
aquifers). In this respect,
the project may be
completely unique in the
history of copper mining

Solwara 1: The mine is expected to have no impact on terrestrial
freshwater supply or water quality (surface waters or aquifers). In
this respect, the project may be completely unique in the history of
copper mining. The TNFM smelting facility will also use wastewater,
not freshwater, to process the Solwara 1 mineralized material.77
Discussion: Impacts to freshwater supplies from mining are one of the
greatest sources of environmental damage and social conflict. All three
terrestrial mines have significant impacts. Intag, due to its location on
a steep sloped, high rainfall area with a large downstream population,
has the potential for severe water supply and water quality impacts.
Deep seabed mining, on the other hand, cannot damage freshwater supplies
or quality at the mine site, and Nautilus has stated that it is committed to
monitoring saltwater quality. The mine plan has been amended to remove the
requirement to stockpile mineralized material at a terrestrial location in PNG,
and, as a result, the mine should not affect PNG fresh water quality or supplies.
There are currently no water quality standards for copper mining in
marine systems, and this is a gap in existing management approaches
that will need to be addressed. Solwara 1 is located near an erupting
underwater volcano and vent system with a high background level of
what would be considered contaminants in a terrestrial freshwater
system or non-volcanic coastal marine system. Nautilus has also examined
impacts to fresh water from the concentration and smelting processes,
even though this goes beyond their custody of the mineralized material.
This topic is discussed further in the smelting section of this report.
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Biological Control
This service affords pest and disease control.

Prominent Hill: The disturbance associated with the mine may result in
the loss of biological control, but few people reside around the mine.

Solwara 1: Carbon impacts in the form of emissions are present, although
on a smaller scale than the previous studies due to the high grade of the
mineralized material.78 The expected carbon footprint of the project
has been calculated and is expected to be far less than a terrestrial
mine due to the lack of overburden removal required and the reduced
processing requirements due to the higher copper grade (See Analysis III).

Bingham Canyon: The disturbance associated with the mine may
result in the loss of biological control values. The mine is close to a
highly populated area and therefore has a greater potential impact.
Solwara 1: Biological controls within the vent communities exist;
however, biological controls that benefit humans are unknown and
may not be present. There is also the potential for introduced species
as a result of the movement of vessels in and out of the mine site.

Discussion: The general reduction in mined ore grades over time has
resulted in rising CO2 emissions/metric ton of copper ore produced globally.
Solwara 1 is likely to be an exception to this trend due to its high grade and
low overburden. Without a global increase in ore grades or major changes in
energy use, carbon emissions per ton of copper produced will continue to rise.

Discussion: Mining often disrupts natural systems that provide
for the biological control of disease, insect populations, and other
potential pests. Where no habitat for invasive species or disease
exists prior to mining, or where naturally occurring diseases and
pests may be under control, mining activities may disrupt these
biological control processes and cause a greater incidence of disease,
pests and ensuing damage. Compared with impacts at the terrestrial
mining sites, biological control impacts to humans at Solwara 1
are less likely because no human communities live near the site.

Air Quality
This service relates to the provision of clean, breathable air.
Intag: The loss of cloud forest at the mine site will reduce the
provisioning of clean air as the forest is removed. Air pollution in a
previously undisturbed area will take place and may degrade air
quality for communities in the valley and around the mine site.
Prominent Hill: Impact to air quality likely occurs locally at the
mine site due to dust generation and processing emissions.

Climate Stability
This service contributes to climate stabilization. Ecosystems
help to regulate atmospheric chemistry, air quality, and
climate. This process is facilitated by the capture and longterm storage of carbon as a part of the global carbon cycle.

▲▲ Cloud forest
Image credit: Carlos Zorrilla

Intag: Climate stability impacts would occur in the form of carbon
emissions and in the loss of carbon-sequestering forests. The
total carbon emissions of the project have not been carefully
calculated, but were broadly estimated and monetized. Carbon
emissions are likely to be substantial given the proposed size of
the mine. Extensive forests would also be cleared. In addition,
carbon offset projects are housed within the Intag area and
could be detrimentally affected by the mining operation.
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Bingham Canyon: The mine has significant carbon emissions,
and forest areas were lost with the mine establishment. The low
copper concentration in the ore requires significant processing
activity, which further contributes to total emissions.

Intag: The disturbance associated with the mine may result in the loss
of biological control values identified as present in five land cover types
at the Intag site.

Image credit: Longhorndave
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Prominent Hill: The mine has significant carbon emissions, but the area
was not heavily forested and thus suffered less damage from clearing
than in the Intag case. The low copper concentration in the ore requires
significant processing activity, which further contributes to total emissions.

Regulating Services

▲▲ Bat

Analysis II

▲▲ Sunny blue skies
Image credit: Zac Christian

Bingham Canyon: Impact to air quality likely occurs locally at the
mine site due to dust generation and processing emissions.
Solwara 1: The site is 30 km offshore and thus will have no measureable
air quality impacts on communities in New Ireland and New Britain. Power
generation on the support ship may reduce air quality for crew on the ship.
Discussion: Many copper mines are located near inhabited areas and have a
substantial impact on local air quality. This loss of air quality often impacts the
health of people living in the mine vicinity. Solwara 1 is distant from any human
communities, with the exception of the production ship’s crew. The Solwara
1 site also does not contribute to dust generation, which can have impacts on
human populations and ecosystem health. This is likely to result in a significant,
overall air quality benefit in a shift from terrestrial to deep seabed mining.
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This service buffers against storms, floods, fires, drought and other
extreme events.

Terrestrial mines often
increase the risk of, or
exacerbate, disaster
damages. Solwara 1 will
not reduce the resilience
that natural systems in the
area provide to people.

Intag: The impact is likely to be high at Intag as the mine will remove
vegetation that provides storm and flood mitigation. The planned mine site
receives 3,000-4,000 mm of rain annually, often in large rainfall events.
Like other copper mines with earthen dam impoundments, there is also a
danger of dam failure and catastrophic downstream flood damage. If mine
tailings are flushed downriver, extreme event damage can be exacerbated.

Solwara 1: This impact is not present. There are no human communities on
the downgrade slope from the mine. The Solwara 1 mine will not damage
natural capital that provides moderation of extreme events. The mineralized
material is also shallow on the ocean floor under tremendous pressure
from the water column, and cannot trigger an earthquake or tsunami.80
Discussion: Terrestrial mines often increase the risk of, or exacerbate,
disaster damages. Solwara 1 will not reduce the resilience that natural
systems in the area provide to people.

Pollination
This service provides for the fertilization of plants. Pollination supports wild
and cultivated plants and plays a critical role in ecosystem productivity.
Intag: The Intag mine is in an area of cloud forest where pollination for
farms within the proposed mine area and outside the mine area occurs.
Removal of vegetation for the mine will likely impact pollination services.
Prominent Hill: The impact is likely low. The mine site is distant from
agriculture, but pollination of native desert species may occur.
▲▲ Hummingbird pollinating a flower
Image credit: Angela Arenal

Soil Formation and Retention
This service enhances soil fertility and soil retention.
Intag: The mine is likely to accelerate soil erosion and eliminate soil
formation at the mine site. The Intag mine will be located on the crest of
a very steeply sloped ridge with high and variable rainfall. Communities
at lower elevations depend upon the erosion control and could be
impacted by uncontrolled erosion, loss of topsoil or a tailings spill.

Prominent Hill: The impact is low as the mine site is distant from
populations in an area of low rainfall.
Bingham Canyon: The impact at this site is significant. Massive
landslides occurred at the mine site in 2013, for example.79

Bingham Canyon: The impact is likely moderate. Nearby forested
areas may gain from local pollination, but farms are outside the flight
distance of pollinators from the mine.
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Discussion: Pollination is not only one of the most critical services
provided by any ecosystem, but it is also among the most delicate and
easily disrupted services. With the exception of Prominent Hill (due to
its extremely remote location), our comparison sites negatively impact
pollination, which can impact the ecosystem as well as local agricultural
productivity. Plant pollination does not occur at the Solwara 1 site, and
therefore the proposed mine poses no risk to pollination services.

Wetlands, grasslands, riparian buffers, and forests all provide protection
from flooding and other disturbances. For example, these ecosystems are
able to slow, absorb, and store large amounts of rainwater and runoff
during storms, thus reducing flooding. Changes in land use and the potential
for more frequent storm events due to climate change make disturbance
regulation one of the most important services to economic development.
▲▲ Flooded farmland
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Solwara 1: Plant pollination is not present at the Solwara 1 deep sea
site and no impact is foreseen. Larval recruitment is addressed in the
Habitat and Nursery section.

Moderation of Extreme Events

Image credit: Ecuador Living
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▲▲ Eroded bank
Image credit: Wikimedia Commons

Prominent Hill: The impact may be significant if topsoil resources
are lost. Soil formation is impacted. Downstream areas may
be impacted by erosion of rock waste and mine tailings.
Bingham Canyon: The impact is considered high and may extend
beyond the mine’s life if topsoil resources are lost. Soil formation is
impacted. Rock waste and tailings piles overshadow the populated
portion of the Salt Lake basin. Downstream areas would be significantly
impacted should erosion of rock waste and mine tailings occur.
Solwara 1: The impact is likely to be high, but it is also restricted to a
very small area compared with the other studied mines. Sediment
and material will be placed downslope from the mine site, impacting
only a small area of 3 ha (0.03km2) of deep seabed. Soft sediment
will be lost within the mine area, but will also be deposited as a result
of mine activities. Biotic communities, but no human communities,
will be impacted.
Discussion: Soil serves a vital function in nature. It provides a
medium for plant and nutrient growth as well as habitat for millions
of micro- and macro-organisms. Healthy soils are able to store water
and nutrients, regulate water flow and neutralize pollutants more
efficiently than degraded soils. In many areas, vegetation can prevent
landslides and harmful erosion. While biotic communities may be
impacted at the Solwara 1 site, compared with terrestrial mines,
the site will have virtually no impact on human communities.
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This service refers to the conversion and treatment of wastes.

Solwara 1 is potentially
a unique copper mining
project because it has
little effect on the waste
treatment services of
natural systems.

Intag: The impact is likely to be high as the mine would be located in
an area that is globally noted for its biodiversity. The proposed mine
site traverses significant ecological regions.

Bingham Canyon: The impact is significant. Waste treatment is high
in the watershed with greater numbers of people living downstream
in an area with snow pack and higher rainfall than Prominent Hill.

Prominent Hill: The impact is considered significant due to surface disturbance,
but may not be as high as in mines located in biodiversity hotspots.

Solwara 1: No waste treatment benefits are provided to human
communities, but natural waste treatment processes are present.
Biological activity declines with distance from the chemotrophic
vents, and waste treatment value also declines. Waste generation is
limited to the surface vessel and will meet international standards.
Discussion: This service is most valuable when associated with human
communities. Solwara 1 is potentially a unique copper mining project
because it has little effect on natural systems’ waste treatment and
because it likely generates far less waste per metric ton of copper mined.

This service regulates freshwater storage, temperature, flow, quality,
and other attributes of water. Traditionally, the focus of this service has
been on fresh water.
Intag: The impact to water regulation is likely to be high. The mine
is likely to significantly impact surface water resources in terms
of storage, temperature, flow, quality and other attributes.

Image credit: Ecuador Living

This service refers to the housing of biodiversity, providing habitat for
species continuity and the rearing of young.

Prominent Hill: The impact is low. This desert area has low waste
treatment value.

Water Regulation

▲▲ River Mindo, Ecuador
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Habitat and Nursery

Intag: This impact is expected to be high. Waste treatment is present
in the forests, wetlands, and riparian areas of Intag, and it affects the
populations living there.

Image credit: Carlos Zorilla
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Waste Treatment

▲▲ Mushrooms
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▲▲ Salmon
Image credit: Melissa Doroquez

Solwara 1 will have
significant impacts on
habitat; however, studies
suggest that species in this
area have evolved to adapt
to regular disturbances,
and may recolonize the
mined site more quickly
than would be the case
with a terrestrial mine.

Prominent Hill: The impact is considered low. Low rainfall and the
area’s topography reduce the impacts.
Bingham Canyon: The site is high in the watershed and impact to
surface and groundwater resources impacting storage, temperature,
and flow are likely to be significant.

Solwara 1: The impact is significant, although restricted to a small
area. The mine will impact habitat and nursery areas. The site includes
vent habitats that are high in biodiversity relative to other deep
ocean environments. However, early research by Duke University,
Woods Hole Oceanographic Institute and others shows that South Su
and nearby vents likely hold the same diversity of life for dominant
species as at the mine site, and recolonization of the mine site at the
conclusion of mining is expected to reflect the genetic structure of the
baseline conditions for all numerically dominant species. This could be
achieved if the South Su site provides larvae for the Solwara 1 site.81
Discussion: Habitat is the biophysical space and process in which wild species
meet their needs. A healthy ecosystem provides physical structure, adequate
food availability, appropriate chemical and temperature regimes, and
protection from predators. Solwara 1 will have significant impacts on habitat;
however, studies suggest that species in this area have evolved to adapt to
regular disturbances, and may recolonize the mined site more quickly than
would be the case with a terrestrial mine (see the earlier chapter entitled
“State of Knowledge of the Bismarck Sea Deep Seabed” for more details).

Nutrient Cycling
This service provides local and global cycles for many nutrients
including phosphorus, nitrogen, and potassium through living
and non-living systems.

Solwara 1: This mine would have no impact on freshwater regulation.
Discussion: Terrestrial mines such as Bingham Canyon and Intag
(excluding Prominent Hill, which is in a desert) can often negatively
impact water regulation. Bingham Canyon’s location in the mountains
above a populated watershed poses a risk to the downstream
population. The absence of freshwater in the deep seabed means that
Solwara 1 does not have the potential for impacts to this resource.

Bingham Canyon: The impact is considered high due to surface
disturbance as well as the downstream threat from rock waste and tailings.

Intag: Nutrient flows will likely be significantly impacted. Further
analysis would be required to estimate the quantitative
impacts on phosphorus and other nutrients.
▲▲ Nurse log
Image credit: Jonny Hannson

Prominent Hill: The impact is considered to be moderately
low. Desert systems have low nutrient cycling rates.
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Bingham Canyon: The impact is considered to be high.
Nutrient cycling is relatively high,82 and potential downstream
impacts from tailings and rock waste are significant.

Cultural Services

Solwara 1: The impact is present, but low. Nutrient flows appear
to be low for most of the world’s deep seabed, although vents
are an exception. Vent surveys show that most nutrients remain
at the seabed in the deep sea. Chemosynthetic organisms will be
impacted by mining. Nutrient flows from the surface will not be
impacted by mining. The scale of the mining operation is small.

This service provides aesthetic value to people.

Discussion: Nutrient cycling is one area of natural capital accounting that
can be identified and sometimes quantified, but there are few satisfactory
methods for monetization. Values for nutrient cycling are likely to be greater
in areas with more vegetation, such as forested environments. Solwara
1 is thus likely to have the lowest impact on nutrient cycling services.

Prominent Hill: The impact is low as the mine is in a very remote area.
Bingham Canyon: The impact is significant. The mine/tailings are
within the Salt Lake City catchment.
▲▲ Wildflower
Image credit: Isla Chadsey

Genetic resources will be
impacted by the Solwara 1
mine within the 14 hectare
mine site. However, due
in part to the proposed
deep seabed mining
project, the Solwara 1
site is now among the
best studied seabed
ecosystems on Earth, and
genetic resources that may
have been unstudied are
now better understood.

Cultural and Artistic Inspiration

Prominent Hill: The impact is unknown, although the surrounding
habitat is similar to the mine area, which may reduce the impacts.
A publicly available survey of the site is not currently available.

This service provides cultural and artistic value to people.
Intag: Local people currently utilize the proposed mine site for cultural
activities which would likely be significantly impacted by the mine.

Bingham Canyon: The impact is unknown. A publicly available survey
of the site is not currently available.

Discussion: Genetic resources will be impacted by the Solwara 1 mine.
However, due in part to the proposed deep seabed mining project,
the Solwara 1 site is now among the best studied seabed ecosystems
on Earth, and genetic resources that may have been unstudied are
now better understood (see the earlier chapter entitled “State of
Knowledge of the Bismarck Sea Deep Seabed” for more details).

Solwara 1: The mining activity is likely to have an impact on the
natural beauty of vents at the mine site, although no local residents
will be impacted.
Discussion: Aesthetic value is often highly valued by local
populations, so it is no surprise that sites like Intag and Bingham
Canyon, which are both located in scenic areas, have impacts on
natural beauty. Prominent Hill’s remote location and sparse
landscape mean that it has less impact on natural beauty. Solwara 1
is one mile below the ocean and therefore exceptionally remote,
making its impacts to natural beauty low.

Intag: The impact is likely to be high. The cloud forests of the Intag
mining site contain high genetic resources that would likely be damaged.
A publicly available survey of the Intag site is not currently available.

Solwara 1: The mine would impact genetic resources, but the small
size of the mine site would likely keep the impact very low. More
is known about the genetic diversity and surrounding areas of the
deep seabed than is known about many terrestrial mining areas.
Independent research shows genetic alignment between the South
Su control site and the project site.83 The project is committed to
the establishment of the South Su protected area for the purposes
of conserving biological diversity and recolonizing the mine site.
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Intag: The mine would likely impact the views of Intag Valley
residents substantially.

This service relates to the support of species and varieties that hold
different combinations of DNA.

▲▲ Genetic resources
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Natural Beauty

Genetic Resources

Image credit: Morley Read
via Shutterstock
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Prominent Hill: Indigenous cultural values are likely to be present
and may be impacted.
Bingham Canyon: Cultural resources were present and impacted.
▲▲ Basketry tray, Chumash
Image credit: Daderot via
Wikimedia Commons

Solwara 1: No cultural or artistic inspirational values were noted
at the site.
Discussion: Cultural and Artistic Inspiration is a value generally
associated with the intangible connections between society and
nature that permit a society to flourish. Solwara 1’s location on
the deep seabed means that no indigenous cultures have developed a
connection to this area.
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Recreation and Tourism

Intag: Spiritual and historic resources are present and expressed by
residents of the area, and the impact is likely to be high.
Prominent Hill: The impact is high, as aboriginal cultural sites are
present and impacted.

Prominent Hill: The impact is low as the mine is in a very remote
area, and it is located within the Woomera Prohibited Area (a historic
weapons testing area) that is inaccessible to visitors without a permit.
Bingham Canyon: The impact is significant. Nearby forested areas are
heavily utilized by people from the Salt Lake area for recreation
and tourism.
Solwara 1: No impact to recreation or tourism could be identified.
Discussion: Of all the comparison sites, Bingham Canyon and Intag
would most greatly affect recreation and tourism, as the areas
disturbed by the other two mines preclude most human activities.

Science and Education
This service provides learning and information to individuals and humanity.
Intag: There is no scientific agenda associated with the Intag mining
plan. As Intag is located in a biodiversity hot spot, the potential
for loss of scientific information within the project area is high.
Prominent Hill: Any potential impact is unknown.

▲▲ Field trip
Image credit: Metro Parks Tacoma

Bingham Canyon: The area is relatively well studied, so loss of scientific and
educational value is comparatively low as surrounding areas are well utilized.
Solwara 1: Solwara 1: Significant studies have already been carried
out on the proposed mine site, and the mine production vessel will
house a scientific laboratory to facilitate continued scientific study.
Discussion: Solwara 1 has a unique potential for contributing to a greater
scientific understanding of the deep seabed and for examining deep
seabed mining impacts and the resiliency of deep sea vent systems.
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This service delivers spiritual benefits and historic values to people.

Intag: Recreational and tourism activities are present in the proposed
Intag mine site and would likely be significantly impacted, at least
within the mine footprint area and potentially in downstream areas.

Image credit: Earth Economics
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Spiritual and Historic

This service provides space and ambiance for recreation and tourism.

▲▲ River rafting

Analysis II

▲▲ Petroglyph
Image credit: Martin Padbury

Bingham Canyon: The impact is significant as expressed by indigenous
peoples and historic value present.
Solwara 1: No physical links to cultural or spiritual value were found.
Local people expressed concern about the project impacting cultural
practices such as shark calling, a cultural event in which people attract
and harvest sharks in shallow coastal waters. Due to the distance from
the shore, the background noise associated with the North Su volcano
on the seafloor and fishing vessel activity in the area, it is unlikely that
the mining project will impact shark calling or other cultural practices.
Discussion: Cultural and spiritual resources are tremendously
important, and they often become a cause of social conflict. Nautilus
has planned community projects in New Ireland and New Britain
that include discussions with communities about their concerns
and needs (health, reef restoration, education, jobs).84 Community
discussion of shark calling is ongoing and Nautilus plans to review and
study this ancient practice in order to further quantify any potential
impacts.85 The lack of terrestrial disturbance is an important factor in
limiting the impact of the mine on cultural values, and this represents
a significant benefit compared to the terrestrial mines examined.
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Conclusion of Analysis II:
Identification of Natural Capital
Impacts for Solwara 1 and
Comparison Mines
Both the number of
ecosystem services and
the level of impact on
each ecosystem service
is likely to be lower
overall for the Solwara 1
mine compared with the
three terrestrial mines.

This analysis demonstrates that Solwara 1 would have fewer
potential impacts to ecosystem services than the proposed Intag
mine, or the existing Bingham Canyon and Prominent Hill mines.
Both the number of ecosystem services and the level of impact
on each ecosystem service is likely to be lower overall for the
Solwara 1 mine compared with the three terrestrial mines.
This identification of natural capital impacts provides strong evidence
that the Nautilus Solwara 1 project will have far less impact and
risk associated with copper mining than existing and proposed
terrestrial mines.

►► Alternators in a hydroelectric station
Image credit: Sergey Prokudin-Gorsky
via Wikimedia Commons
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Analysis III:
Quantification of
Copper Mine Impacts
for Bingham Canyon,
Prominent Hill, Intag,
and Solwara 1

◄◄ Keratoisis, a deep sea coral that
lives at inactive (non-venting) sites
Image credit: Nautilus

71

| Analysis III

Environmental and Social Benchmarking Analysis

The impacts of producing
copper can be considered
by examining both the
natural capital inputs
needed for production
and the waste by-products
associated with each metric
ton of copper produced.

▼▼Table 6.
Mine Comparisons for Inputs Required
for 1 Metric Ton of Copper Output
Measure

Unit

COMPARISON MINES

IMPACT TYPE

Solwara 1
(proposed) Total46,48

Mine +
Refinery

Solwara 1 Mine
Tongling Refinery

Total Cu
Production

Freshwater
Use

Metric tons

Metric tons

Liters per
metric ton
of Cu
produced

77,76086

127,18687

0

Energy
Use

CO2
Emissions

Mineral
Waste

4.0

Square
meters
per metric
ton of Cu
produced

3.6

1.9

5.4

0

4.0

3.6

1.9

1.1

Data not
available

Data not
available

Data not
available

0

4.3

2,046,00089

83,83190

15.391

5.492

36.393

7.294

Refinery

Prominent Hill Total

Mine + Refinery

Bingham Canyon Total

Mine + Refinery
+ Smelter

194,00095 19,000,00096

21,04197

24.898

7.799

11.5100

5.4101

Intag (proposed) Total

Mine

484,437102

9,906,472103

Data not
available

Data not
available

Data not
available

11.5104

5.4105

73,36289
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As the table shows, lack of comparability is one of the most significant
challenges in this analysis. Bingham Canyon data includes impacts for
the mine, smelter and refinery; Prominent Hill data includes impacts
for the mine and refinery (but not a smelter); Solwara 1 data was
based on the mine’s impacts (but not refining or smelting); and it
is unknown whether Intag would include a refinery or smelter.

Area of
Disturbance

Metric tons
tons of tailings &
MWh per Metric
of
CO
2 per
metric ton metric ton waste rock
per metric
of Cu
of Cu
ton of Cu
produced produced
produced

|

Table 6 shows that Solwara 1 (based on expectations as of the date
of this report) is likely to be more efficient at producing copper with
fewer overall key physical inputs and fewer overall undesirable byproducts than any of the three comparison terrestrial mines. Of the
two terrestrial copper mines in operation and the proposed Intag
copper mine, none would be comparable to Solwara 1 in producing
a metric ton of copper with the least impact on freshwater usage,
energy use, carbon emissions, and metric tons of mineral waste.

The impacts of producing copper can be considered by examining both the
natural capital inputs needed for production and the waste by-products
associated with each metric ton of copper produced. This type of analysis
should not be based upon per metric ton of copper ore as it reflects
dramatically different concentrations of copper. Copper production is the
goal, thus refined copper by the metric ton should be the common natural
capital efficiency measure. Table 6 provides a full analysis of Solwara 1
and the two active copper mines (Prominent Hill, Australia and Bingham
Canyon, USA), and a limited analysis for the proposed Intag mine.
Annual Cu
Production

Analysis III

Discussion of Mine Impacts

Analysis III provides a quantitative assessment of
the impact of the proposed Solwara 1 copper mine
on natural capital assets and compares Solwara 1
with each of the other three terrestrial mines.

Mine

The impacts of copper
mining operations should
be measured in terms of
impacts per ton of refined
copper produced, not
impact per ton of ore.

The Nautilus Minerals Inc. Solwara 1 Project

This analysis involves two key components: inputs and waste byproducts. First, calculations of the freshwater (liters), energy (MWh), and
area of disturbance (square meters) as inputs per metric ton of copper
produced are estimated. Second, a calculation of two by-products, metric
tons of CO2 emissions and metric tons of waste rock per metric ton of
copper produced, are also provided. Because this study is a preliminary
analysis, only these five areas of impact were considered. In future
studies, additional analyses that would be informative could include
examinations of the arsenic and other hazardous materials produced
per metric ton of copper, the biodiversity impacted, the level of gold
production, worker safety and other measures. However, these figures
are not reported in GRI or contained in other reporting requirements.
The table is based upon information derived from GRI databases and
company sustainability reports. References are provided for each value.

Solwara 1 is likely to be
more efficient at producing
copper with fewer overall
key physical inputs and
fewer overall undesirable
by-products than any of
the three comparison
terrestrial mines

In addition, while Rio Tinto Kennecott (Bingham Canyon) and OZ
Minerals (Prominent Hill) provide relatively detailed environmental
reports on their natural capital inputs and impacts compared with
other mining companies, their reports do not yet provide sufficient
information to separate their mining operation’s impacts from the
additional processing (refining and smelting). Therefore, in order
to make the comparison between Solwara 1 and the three mines
more “fair”, and to avoid underestimating the impacts of Solwara
1, estimates for impacts of the Tongling Non-Ferrous Metal Group’s
(TNFM) refinery were added based on reasonable estimates provided
by Nautilus Management (specifically, mineral waste and area of
disturbance). It should be noted that the figure for Tongling is valid
for a processing plant that processes 400,000 tons of copper per
annum, and that the Solwara 1 mineralized material will produce only
77,760 tons of copper per annum, so these figures are an overestimate
of the area of disturbance that can be attributed to Solwara 1.
Each impact is discussed in more detail below.

Freshwater Use
The process of copper mining and refining consumes large quantities
of water, though the amount of usage can vary widely between
mines.106 Most water usage in a terrestrial mine is for flotation,
beneficiation, smelting, and electro-refining, though up to 15%
of water is also used for dust suppression at the mine site.107 The
Solwara 1 project is expected to consume virtually no terrestrial
water during extraction or refining. Freshwater on the production
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0 litres
Solwara 1 will
consume virtually no
freshwater during
extraction or refining
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support vessel will be provided using a desalinization process.108 The
smelter where refining will occur has a net negative water balance
(i.e. does not discharge water), and salt removal will not result in a
requirement to treat and discharge water to the environment.109 The
TNFM smelting facility will use wastewater from other processes,
not freshwater, to process the Solwara 1 mineralized material.110
However, it should be noted that if wastewater was not available
from these other processes, freshwater would be required.

Energy Use & CO2 Emissions
All aspects of copper extraction and refining require electricity.
Approximately one third of the total energy use in an average openpit copper mine is comprised of electricity use, with diesel fuel
contributing approximately two thirds. Electricity is required for
grinding, crushing, smelting and mine support services.111 Diesel is
typically used for drilling, blasting, ore and waste haulage, earthworks
and the powering of production support vehicles. CO2 emissions are
produced as a result of both electricity and diesel use. The Solwara 1
project will use diesel to power the production support vessel and its
generators, and to both produce and transport mineralized material.112

6x less

mineral waste
will be produced
by Solwara 1 per
ton of copper than
the terrestrial
comparison mines

Compared with the three terrestrial comparison mines, Solwara 1
appears to use significantly less energy and produce moderately
less CO2 emissions per ton of copper produced. While estimates
are not available for the TNFM refinery for these impact categories,
some idea of the level of impact can be understood by looking at
the GRI data produced by other companies. The Canadian company
Xstrata, for example, reports that its Canadian Copper Refinery
and Horne Smelter use a combined total of 4.8 MWh of energy
and emit 0.9 tons of CO2 per ton of copper produced. Even if these
impacts were added to the Solwara 1 mine impacts, its energy usage
would remain much lower than the comparison mines, and its CO2
emissions would remain slightly lower per ton of copper produced.

Mineral Waste
Mining operations often move large quantities of waste rock
(overburden) before reaching valuable ore. In addition, large amounts
of mineral waste (tailings) are produced during ore refining.113
Compared with a typical terrestrial mine site, the Solwara 1 project
will remove minimal overburden before reaching copper mineralized
material.114 In addition, because the copper content of the mineralized
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material is so high (approximately 7% copper,115 compared with
Prominent Hill, for example, where the ore is 1.1% copper), a smaller
quantity of mineral waste will be produced per ton of copper
extracted. Even with the TNFM refinery impacts considered, Solwara 1
produces significantly less mineral waste per ton of copper produced.

181 Km2
size of the contaminated
groundwater plume
due to the terrestrial
Bingham Canyon mine

Area of Disturbance
Terrestrial copper mines impact the landscape significantly in several
ways. First, all ecosystems, fertile soils, and human communities in
the direct footprint of the mine site are removed. Second, a location
near the mine pit must be found for storing waste rock and mine
tailings, and unless tailings and waste rock are re-deposited in pits
(known as “backfilling”), waste storage will also result in the removal
of ecosystems (although these systems may be rehabilitated at the
conclusion of mining). Finally, downstream impacts due to spills,
such as the 70-square-mile (181 square km) plume of contaminated
groundwater from Bingham Canyon operations, can be significant.116
This analysis appears to show that the area of disturbance for the
Solwara 1 mine is on par with that of Bingham Canyon and Intag, but
lower than Prominent Hill, per ton of copper produced. This result is
the only measure in which Solwara 1 does not appear to outperform
its terrestrial counterparts. This may be due to the relative shallowness
of the Solwara 1 mine compared with a mine like Bingham Canyon,
which has reduced the additional surface area impacted by digging a
deeper pit. Finally, it is important to remember that while the Solwara
1 site is demonstrably smaller in size and disturbance impact than any
of the other mines, the inclusion of the entire footprint of the Tongling
facility increases the attributable footprint of Solwara 1 considerably.
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Conclusion of Analysis III:
Quantification of Natural
Capital Impacts for Solwara
1 and Comparison Mines

It is recommended that
a future natural capital
analysis be conducted
during operation of
the Solwara 1 mine,
when real data will be
available for the mine.

Compared with the three other copper mines analyzed, the Solwara
1 project would clearly have far less impact per metric ton of copper
produced both in terms of inputs (fresh water, energy and land
consumed) and in terms of waste by-products (carbon and rock
waste) produced. This provides a strong sustainability argument
that Solwara 1 and projects like it would greatly reduce the current
trend in environmental and social impacts of copper mining.
It is recommended that a future natural capital analysis be
conducted during operation of the Solwara 1 mine, when real data
will be available for the mine (and potentially the TNFM refinery)
that can be compared with the projections in Table 6 above. In
addition, it is recommended that these impacts continue to be
presented in terms of impacts per ton of copper produced.
When comparing the Solwara 1 proposal to other copper mines,
the quantification of natural capital inputs and outputs per
metric ton of copper produced provides a strong justification
for the sustainability of the proposed Solwara 1 project.

►► Soldering of a capacitor
Image credit: Aisart via Wikimedia Commons
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Analysis IV:
Monetization of
Copper Mine Impacts
for Bingham Canyon,
Prominent Hill, Intag,
and Solwara 1

◄◄ Image credit:
raalves via iStockphoto
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In Analysis IV, the impacts on ecosystem services
are monetized for Bingham Canyon, Prominent Hill,
Intag, and Solwara 1.
In Section A, the impact associated with a mine’s area of
disturbance is estimated using land cover-based ecosystem
service valuation. Section B presents calculations for
the impact associated with carbon emissions.

Section A. Monetizing Impacts
to Ecosystem Services
The monetization of natural capital assets requires three key elements:
the identification and quantification of assets, methodologies for
valuation and a framework for bringing diverse values together. Modern
financial analysis commonly tackles the problem of comparing firms
with differing units of production (cars, metric tons of wheat, geological
services) by translating these units into monetized values. The scientific
and sustainability communities are often less familiar and comfortable
with monetization; however, comparing monetary values can be an
important tool that assists with decisions to allocate monetary resources.
The monetization of natural capital has the same pitfalls as the
monetization of built capital assets. Markets and values may change
quickly, but natural capital values are often far less volatile than financial
assets such as stocks and bonds. Both the cost and price of water is less
volatile than real estate, for example. Natural capital accounting and
valuation are important tools for assisting many investment decisions,
even if they do face the same valuation pitfalls that beset built capital.
One of the greatest
potential errors in
valuation is that of
omission, or not valuing
important assets at all.
Without monetization,
natural capital values are
often tallied at zero.

One of the greatest potential errors in valuation is that of omission, or
not valuing important assets at all. Over valuing or double counting
natural capital assets is a far less common problem. Without
monetization, natural capital values are often tallied at zero. Failing
to account for the value of natural capital can lead to decisionmaking that is not fully informed. This document provides a
preliminary valuation of natural capital impacts from copper mining
in the four cases studied. This analysis largely errs on the side of
undercounting the natural capital damage from terrestrial copper
mining because many of the natural capital assets identified as
clearly degraded by mine wastes or land clearing cannot be not
monetized. This is either due to a lack of data, a lack of economic
studies to establish the values, or a lack of valuation methodologies.
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In the case of Solwara 1, data limitations required the use of terrestrial
values to provide an estimate of the value of the seabed. With the exception
of copper valuation, there are no existing studies that have established
the economic value of deep seabed natural capital goods and services.
Because Solwara 1 is so
remote, the potential
for ecosystem service
beneficiaries is low. In
addition, many of the
potential impacts found
in a surface mine, such
as freshwater quality
and quantity, are not
present at Solwara 1.

In the case of Solwara 1, there are no “comparable” valuation
examples because ecosystem service valuation studies of deep
seabed ecosystems do not yet exist. Ecosystem services valuation
relates directly to the natural system’s economic contributions to
human economies. Because Solwara 1 is so remote, the potential
for ecosystem service beneficiaries is low. In addition, many of the
potential impacts found in a surface mine, such as freshwater quality
and quantity, are not present at Solwara 1. To address the lack of
comparable valuation studies, estimates of the economic damage
to deep seabed ecosystems for Solwara 1 were based on terrestrial
values identified for cloud forests in the Intag region as both regions
are considered unique and sensitive ecosystems with similar qualities.
Overall, the monetization of natural capital assets and natural
capital accounting is a rapidly expanding field. Natural capital
accounting is increasingly being required by governments and
firms to help inform project- and program-related decisions.
Earth Economics is recognized as a leader in this field.
This analysis follows the methods of the United Nations Environment
Program (TEEB and MEA) in utilizing a landscape and seascape approach to
natural capital valuation based on the land cover type and area disrupted.
First, a land cover analysis of Solwara 1 and the three comparison
mine sites was conducted. Within the areas directly impacted by
each mine site, the total number of hectares of each land cover
type was identified. For Solwara 1, the total area of disturbance
was estimated based on Nautilus documents. For Bingham Canyon
and Prominent Hill, the area of disturbance was estimated using
GIS analysis, which is based on satellite imagery combined with
company GRI reporting. The area of disturbance for the proposed
Intag mine was estimated based on a mine study carried out
by the Japanese International Co-operation Agency (JICA).
Next, the original distribution of land cover for each area of disturbance
and its value was estimated using benefit transfer methodology.
The loss of natural capital (e.g. forest, shrub and other vegetation)
was assumed to be complete in the direct footprint of each mine,
as open pit copper mining clears the landscape of vegetation, and
goods and services such as food, water filtration, biodiversity and
storm buffering are completely lost. The dense forest within the
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This study uses a
highly cautious and
“conservative” approach
to valuation of Solwara 1
impacts, in the sense that
it is more likely to result in
an overestimate of impacts
than an underestimate.
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Intag mine site, for example, will be completely removed with a
full loss of the ecosystem goods and services that the forest once
provided. Each dollar value in the tables below is tied to a specific
valuation study. Appendices A and B provide full references for
values in the tables. All values are presented in 2014 US dollars.
Tables 7-10 show dollar estimates for the value of each ecosystem
service related to the land cover types occurring at Solwara 1,
Bingham Canyon, Prominent Hill, and Intag. All estimates are
expressed as dollars per hectare per year. These per hectare
values were then summed for each land cover type across the
ecosystem services valued for that land cover type, to give an
estimate for the total annual value of each land cover type.
It should be noted that the values that were used for Solwara 1 were
based on values used for cloud forests, due to the lack of available
valuation studies conducted on the deep sea bed. This approach
assumes that the deep seabed is at least as valuable as cloud forests in
terms of biological control, habitat & nursery, and genetic resources.
As cloud forests are some of the most productive and biodiverse
ecosystems on the planet, this represents a highly cautious and
“conservative” approach to valuation of Solwara 1 impacts, and is more
likely to result in an overestimate of impacts than an underestimate.
Just as in the ecosystem services Table 3 in Analysis II, blank cells
indicate that impacts to that service are not possible due to lack
of presence at the site. Green cells indicate that the ecosystem
service is present, and green boxes with a dollar value indicate that
appropriate valuation studies were found for that specific service/
land cover combination. Based solely on the number of green cells
below and in Analysis II, it can initially be seen that Solwara 1 has
fewer potential impacts to ecosystem services (i.e. more blank cells).
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Seabed (based on Intag
Cloud Forest values)
Ecosystem Service

Ecosystem Service

Food

Food

Medicinal Resources

Medicinal Resources

Ornamental Resources

Ornamental Resources

Energy & Raw Materials

Energy & Raw Materials

Water Supply

Water Supply
$26

Climate Stability

Air Quality

Air Quality

Moderation of Extreme
Events

Moderation of Extreme
Events

Pollination

Pollination

Soil Formation

Soil Formation

Soil Retention

Soil Retention

Waste Treatment

Waste Treatment

Water Regulation

Water Regulation
$1,464

Nutrient Cycling

Habitat & Nursery

$23

$828

Nutrient Cycling
$277

Genetic Resources

Genetic Resources

Natural Beauty

Natural Beauty

Cultural and Artistic
Information

Cultural and Artistic
Information

Recreation and Tourism

Recreation and Tourism

Science and Education

Science and Education

Spiritual and Historic

Spiritual and Historic

Total

$1,766

Table 7. ▲
Annual Ecosystem
Service Impacts of
Solwara 1 (proposed)
Mine by Ecosystem
Service and Land Cover

Total

$481

$1332
▲Table 8.
Annual Ecosystem Service
Impacts of Prominent
Hill Mine by Ecosystem
Service and Land Cover

Key
Ecosystem Service Not Present
Ecosystem Service Present but No Valuation
$

Value ($/hectare/year)

Biological Control

Climate Stability

Habitat & Nursery

82

Mixed chenopod, samphire

Value ($/hectare/year)

Biological Control
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Ecosystem Service Present with Valuation Studies
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Ecosystem Service

Value ($/hectare/year)
$78

Food

$39

$90

$22,560

$877

Medicinal
Resources

$

Ecosystem Service
Present with
Valuation Studies

Ecosystem Service
Food

Pasture and
Agricultural

Rivers and Lakes

Cloud Forests
Value ($/acre/year)

Ecosystem Service
Present but No
Valuation

Native Andean
Alpine Grasslands

Ecosystem Service
Not Present

Energy and Raw
Materials
$48

$10

$29

$356

Value ($/hectare/year)
$11,459

$62

$2,753

$498
$613

Water Supply
Biological Control

Water Supply

Climate Stability

Biological Control

$2,899

$742

$94

$844

$670

$3,732
$16

$12

$742

$36

$26

$433

$679

$39

$714

$31

$2

$16

$2

$48

$1,045

$137

$283

$742

$5

$84

$742

$3

$1,464

$742

$37

Air Quality

Climate Stability
Air Quality

$579

Moderation of
Extreme Events

$319

$670

$410

$540

$1,682

$841

Moderation of
Extreme Events

$251
$18,270

$7,694

Pollination
Soil Formation
Soil Retention
Waste Treatment

$2

$1

$516

$258

$18

$1,083

$15

$4
$9,496

Habitat & Nursery

$4,748

$828

$87

$12

Pollination

$457

Soil Formation

$15

Soil Retention

$15

$742

$14,064

$38,684

$121

$2,644

$6,503

$736

$35,791

$14,688

$737
$251

Waste Treatment

$325

Nutrient Cycling

Water Regulation
$624

Habitat & Nursery
Nutrient Cycling

$59

$1,468
$277

Genetic Resources
Natural Beauty

Genetic
Resources
$57,805

$1,217

$609

$13

$217

$17,683

$15,559

Cultural
and Artistic
Information

Cultural and Artistic
Information
Recreation and
Tourism

$79

$835 $56,242

$69

$782 $13,531 $81,947

$232

Science and Education

Recreation and
Tourism

$742 $15,922

$8,332

$481

$285

$68

$18,646

$13,121

Science and
Education
Spiritual and
Historic
Total

Key

Ornamental Resources

Energy and Raw
Materials

Natural Beauty

84

Medicinal Resources

Ornamental
Resources

Water Regulation
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▼ Table 10.
Annual Ecosystem Service Impacts of Proposed Intag Mine by Ecosystem Service and Land Cover
Emergent
Herbaceous Wetland

Woody Wetlands

Cultivated

Pasture/Hay

Grasslands

Shrub

Mixed Forest

Evergreen Forest

Deciduous Forest

Developed, Open
Space/M-low
Density

▼ Table 9. Annual Ecosystem Service Impacts of Bingham Canyon Mine by Ecosystem Service and Land Cover
Source: Derived from Thurber et al., 2014, Table 1. Key on facing page.
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Bamboo

Analysis IV

Pasture
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Agricultural Lands

83

$59,785

$2,678

$28,116

$15,397

$1,309

$484

$40

$24,634

$107,097

$97,126

Spiritual and Historic
Total

$15,681

$18

$3,393

85
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Table 14.
►
Total Annual Ecosystem
Service Impacts of Intag
(proposed) Mine

Tables 11-14 show the acreage value of each land cover type within
the mine area examined, the total monetized value for all ecosystem
services valued per hectare for that vegetation type and the total
value (acres multiplied by ecosystem service value per acre).
► Table 11.
Total Annual
Ecosystem Service
Impacts of Solwara
1 (proposed) Mine

► Table 12.
Total Annual Ecosystem
Service Impacts of
Prominent Hill Mine

► Table 13.
Total Annual Ecosystem
Service Impacts of
Bingham Canyon Mine

Land Cover Type

Value ($/hectare/
year)

Area (hectares)

Seabed

14

Total

14

Land Cover Type

Area (hectares)

Mixed chenopod,
samphire

1,466

Total

1,466

Land Cover Type

Open Water

Area (hectares)

$1,766.03

Value of Impacts to
Ecosystem Services
($/year)

$1,332

$1,952,330
$1,952,330

Value ($/hectare/
year)

Value of Impacts to
Ecosystem Services
($/year)

4

$0

$0

Developed, Open Space

129

$59,785

$7,697,270

Developed, Low
Intensity

205

$59,785

$12,262,929

Developed, Medium
Intensity

183

$0

$0

49

$0

$0

Barren

179

$0

$0

Deciduous Forest

242

$2,678

$648,584

Evergreen Forest

524

$28,116

$14,724,095

Mixed Forest

1

$15,397

$12,282

Shrub/Scrub

838

$1,309

$1,096,636

Grassland/Herbaceous

242

$484

$117,206

Pasture/Hay

302

$40

$12,153

Cultivated Crops

96

$24,634

$2,364,458

Woody Wetlands

27

$107,097

$2,862,971

Emergent Herbaceous
Wetlands

11

$97,126

$1,066,274
$42,864,859

Developed, High
Intensity

Total

3,031

▼▼Table 15.
Present Value of Ecosystem
Service Impacts to Solwara
1 and Comparison Mines

Mine
Solwara 1 (proposed)

Value of Impacts to
Ecosystem Services
($/year)

$15,681

$522,791

Bamboo

18

$3,393

$62,635

592

$13,531

$8,013,450

42

$782

$33,238

Pasture

184

$18

$3,266

Pasture and Agricultural

329

$232

$76,230

1

$81,947

$85,975

Total

relative impact of
Solwara 1 on ecosystem
services per ton of
copper produced
compared with Bingham
Canyon, Intag, and
Prominent Hill

86

33

Rivers and Lakes

0.08 - 0.2

Value
($/hectare/year)
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Agricultural Lands

Native Andean Alpine
Grasslands

$24,724

Value of Impacts to
Ecosystem Services
($/year)

Area
(hectares)

Land Cover Type

Cloud Forests

$24,724
Value ($/hectare/
year)
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1,200

$8,797,585

Tables 11-14 show there are a number of ecosystem services
present but not monetized for each mine site. In other words,
there is a lack of valuation studies (comparable areas with peer
reviewed valuation studies) to apply to the sites. These gaps
imply that the estimates may be underestimates of the true
natural capital values per hectare for each land cover type.
In addition, the calculation of impacts to ecosystem services for
Prominent Hill, Bingham Canyon, and Intag conservatively assumes
there are no off-site environmental impacts. However, many
previous examples show that downstream impacts can be significant
if rock waste and mine tailings are deposited downstream (as in
the PNG Ok Tedi copper mine),117 or if an earthen tailings/waste
rock retention dam fails (as in the Marinduque copper mine).118
From these annual losses, a net present value of these losses
can be calculated and is shown in Table 15 with a discount rate
of 4% over 100 years (Nobel laureate economists advise lower
discount rated for natural capital net present value analysis119).

Annual Value of
Ecosystem Service
Impacts

Net Present Value of
Ecosystem Service
Impacts

Total Copper
Production for
Lifetime of Mine
(metric tons)

Relative Impact on
Ecosystem Services
per Ton of Copper
Produced

$24,724

$605,871

127,186

1.0

$1,919,065

$47,026,675

2,000,000

4.9

Bingham Canyon

$42,864,859

$1,050,403,319

17,000,000

13.0

Intag (proposed)

$8,797,585

$215,584,802

9,906,472

4.6

Prominent Hill

87
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Section B. Monetizing CO2 Emissions
Impacts on the Economy

▼▼Table 16.
Present Value of Ecosystem
Service Impacts to Solwara
1 and Comparison Mines

Mine

Emitting a carbon into the atmosphere adds to climate changerelated impacts such as changes to net agricultural productivity,
human health, and property damages from increased flood risk.
This impact is referred to as the “social cost of carbon”, and the U.S.
Environmental Protection Agency has estimated that every ton of
CO2 emitted results in approximately $57.30 in damages (in 2013
dollars). Table 16 compares the annual social cost of carbon emitted
due to the Solwara 1 project and the three comparison mines, as
well as the cost per ton of copper produced. Results indicate that
Solwara 1 results in significantly lower impacts per ton of carbon

Annual Copper
Production
(metric tons
per year)

Annual CO2
Emissions
(metric tons
per year)

Social Cost of CO2
Emissions
($ per ton)

Relative Impact
of CO2 Emissions
per Ton of Copper
Produced

Annual Value of
CO2 Impacts
($ per year)

Solwara 1
(proposed)

77,760

346,051*

$57.30

$19,828,722

1.0

Prominent Hill

73,362

396,513

$57.30

$22,720,195

1.2

Bingham Canyon

194,000

1,490,000

$57.30

$85,377,000

1.7

Intag (proposed)

484,437

Unknown

$57.30

Unknown

Unknown

►► US pennies
Image credit: Roman Oleinik

The Nautilus Minerals Inc. Solwara 1 Project

Analysis IV

|

88

89

90

Discussion of the
Environmental Impacts
of the Solwara 1 Copper
Concentration and
Smelting Processes

◄◄ Tongling Non-Ferrous Metals
Group copper smelter
Image credit: nerin.com
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Once the mineralized
material is transferred
to the shipping vessels,
the Tongling Non-Ferrous
Metals Group has custody
of the material, its copper
products, and process
by-products. Tongling
operates one of the
larges, and cleanest,
smelters in the world.
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This section presents a discussion of the
environmental impacts of the proposed concentration
and smelting processes for the Solwara 1 project.

Mineralized Material Shipping Transfers
Once Nautilus brings the mineralized material up the riser system to the
production support vessel and accomplishes dewatering, the copper
will then be transferred to 25-30,000 Metric ton Handy Max sized
vessels for shipping to China about every 7-10 days.122
From there, the material will be transferred from the Handy Max vessels to
barges in Nantong or Nanjing. Subsequently, the material will be offloaded
from barges in Tongling at the TNFM port facilities. The material will be
transferred directly from the port facilities to the concentrator by truck.
There will be no temporary stockpiling at the port. Dust control during
discharge and handling of the material will be accomplished using water
sprays. Stockpiles and barge cargos will also be covered when necessary.123
There are significant environmental risks associated with transferring ore
at export terminals. For example, Colombia recently closed a BHP Billiton
Ltd. Coal export terminal, which used to be the second largest supplier
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The choice for transferring ore from the Handy Max vessels to barges
in either Nantong or Nanjing will be made by TNFM on a shipment by
shipment basis, taking into account operational constraints at each
of the port facilities. Both Nantong and Nanjing are major Chinese
ports subject to environmental performance standards of the People’s
Republic of China and local port authorities. TNFM is still in discussion
with port authorities over the ore transfer procedures to be applied.

The Solwara 1 mineralized material will be sold to the Tongling
Non-Ferrous Metals Group (TNFM) located in the city of Tongling
in the Anhui Province of the People’s Republic of China. The Earth
Economics team did not visit the TNFM site and relied on interviews
with Nautilus management. No direct comparison between the
TNFM facility and other potential smelters was conducted.

Copper concentration and smelting is both capital- and time-intensive. A
comprehensive description of the concentration, smelting and refining
process can be found in the World Copper Factbook 2013.120 As of 2002,
there were 124 copper smelters in the world.121 Appendix D provides a
few of the many cases of local contamination from older copper smelters.

|

of coal to Europe, because the barge and crane system was spilling coal
and materials into marine water and harming coastal ecosystems.124

It does not compare the chosen smelter for Solwara 1 with
any other smelter operations as there is limited confirmed data
available in relation to the chosen smelter for Solwara 1.

Nautilus is legally responsible for the mineralized material during mining
and up to the transfer of the material from the production vessel to
the Handy Max-sized shipping vessels, at which point the mineralized
material is ‘purchased’ by TNFM and is no longer within the control
of Nautilus. The previous analyses of the mine site in this report
included the mining process for which Nautilus has custody. Once the
mineralized material is transferred to the shipping vessels, the client has
custody of the material, its copper products, and process by-products.

Analysis IV

Tongling Non-Ferrous Metals Group
Concentrating and Smelting Facilities
The primary objective
of Tongling Non-Ferrous
Metals Group is to
process the Solwara 1
mineralized material to
produce only saleable
products with no waste
that has to be stored or
disposed of. This is feasible
in Tongling as there are
other industries such as
cement works, steelworks
and underground mines
in close proximity to
their smelter that can
make use of tailings and
leach residues generated
during processing.

Copper ore is often concentrated close to its mine source. However, in this
case, TNFM will handle both the concentration and smelting processes.
The facilities are all located along the Yangtze River in Tongling, China.
TNFM doubled its capacity in 2014 with one of the most modern, and
one of the largest, copper smelters in the world. This new smelter has
a production capacity of 400,000 metric tons of copper per year.
The primary objective of TNFM is to process the Solwara 1 mineralized
material to produce only saleable products with no waste that has
to be stored or disposed of. This is feasible in Tongling as there are
other industries such as cement works, steelworks and underground
mines in close proximity to their smelter that can make use of
tailings and leach residues generated during processing. TNFM
has recently been recognized by the Anhui provincial government
for their achievements in terms of this recycling philosophy. The
process is described in further detail in the following paragraph.
On arrival at the TNFM facility, the mineralized material will be concentrated
by flotation into two products, a copper concentrate containing 20% copper
content and a pyrite concentrate containing high levels of iron and sulphur.
The tailing from the flotation plant represents 15-20% by mass of the
mineralized material. This tailing is mostly comprised of “Gangue minerals”,
which are undesirable minerals that often occur with copper material. The
venting environment at Solwara 1 is such that the concentration of copper
is very high and the concentration of gangue minerals is very low. This
means that the relative tonnage of tailings produced when processing the
mineralized material is also relatively low. This material will either be used
as backfill in TNFM’s underground mines or as landfill on construction sites.
There is no tailings storage requirement and no tailings storage facility will
be built for the Solwara 1 concentrator. Pyrite produced in the concentrator
is processed through a roast / leach plant. This plant produces acid and
precious metals. If the leach residues have an iron content in excess of
50% iron, then they are sold as feed for steel-making plants. Residues with
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At TNFM, the copper concentrate will instead be processed through
TNFM’s new smelter with a Flash Smelting and Flash Converting process
that was first commissioned in 2013.125 This process is also used at the
Bingham Canyon mine in Utah, USA by Rio Tinto Kennecott. Using this
new technology, TNFM has the opportunity to provide copper to the
market with fewer environmental externalities in the smelting process.
The Flash Smelting Furnace and Flash Converting Furnace (FSF/FCF) process
is based on sealed furnaces, which enable better control of gas flows
together with higher production efficiency, more flexible processes and
more efficient capture of solid, liquid and gaseous contaminants. The flash
process is more energy efficient because during sulphur oxidation, the
ore releases energy that can be utilized by the furnace, thereby reducing
energy inputs. According to TNFM, SO2 emissions are effectively controlled
through acid production. The double flash technology produces a higher
concentration of SO2 in off-gasses when compared to conventional smelters,
and this allows higher efficiency for the acid plant and a commensurately
lower level of final SO2 emissions. The acid plant currently achieves
emission levels of 99.8 ppm SO2 compared to Chinese and International
standards of 200 ppm and 140 ppm respectively. The acid produced is
used in a range of chemical industries, such as fertilizer production.126

Deleterious Elements in the Solwara 1
Mineralized Material
Copper naturally occurs
with both inert and
dangerous elements
and minerals.

In general, there is no greater concern associated with the copper material
from the Solwara 1 site than would surround copper ores from other
mines. Copper naturally occurs with both inert and dangerous elements
and minerals. At the Solwara 1 site, hot geothermal waters dissolve copper,
gold, arsenic, sulphur, iron and other elements. These hot, element-rich
waters move through vents at around 1,000 degrees Celsius and are
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expelled into cold seawater at the deep seabed. At lower temperatures,
the water can no longer hold the metals and they are instantly precipitated
out as sulphide minerals such as chalcopyrite. Copper ores differ in
concentrations of arsenic, sulphur, iron, gold, silver, and selenium between
and within deposits. Arsenic and salt are two aspects of the Nautilus
mineralized material that deserve consideration in smelting and disposal.

a lower iron content are sold to cement works as cement additives. The
pyrite produced from the Solwara 1 mineralized material is likely to have a
high iron content and will therefore be used in the steel-making industry.
The traditional smelting process for copper sulphides such as those
contained in Solwara 1 mineralized material involves first roasting and
then smelting in reverberatory furnaces (or electric furnaces for more
complex materials). This process produces copper matte (copper-iron
sulphide), and converting for the production of blister copper (98%
copper content). Blister copper is further refined through electrolysis
to cathode copper (greater than 99% pure copper). These traditional
processes produce air pollutants such as SO2 and particulate matter
(potentially including arsenic) as well as liquid effluent and solid byproducts. Fortunately, this traditional process route with its inherent
environmental issues will not be used for Solwara 1 mineralized material.

Analysis IV

Arsenic has been a
present, persistent
problem around copper
smelting areas since
the Bronze Age.

Arsenic
Arsenic occurs in copper sulphide minerals including chalcopyrite ores.
Indeed, arsenic has been a present, persistent problem around copper
smelting areas since the Bronze Age.127 Arsenic concentrations in ore are
not reported under the GRI. A terrestrial copper sulphide mine would likely
emit more arsenic per metric ton of pure copper produced, but have a
lower concentration of arsenic per metric ton of copper than Solwara 1.
China limits the allowable concentration of arsenic in imported ore and
concentrates, and requires testing and tracking for the levels of arsenic in ore
and concentrates shipped to the country. Every shipment from Solwara 1 will
be tested for arsenic concentrations. Copper material from Solwara 1 must
be below the required limit of 0.5% arsenic in order to be shipped to China.
TNFM reports that arsenic fed to the smelter leaves the process by two
different routes. Approximately 70% of the arsenic reports to the final slag
(the slag produced after taking into account slag retreatment). The arsenic
in the slag is in an inert form that poses no danger of remobilization.
This slag is sold as feed to local cement works. The remaining 30% of
the arsenic reports to a concentrate with a grade of approximately 20%
arsenic. This concentrate is produced from acid purification circuits
in the acid plant. The concentrate is sold to specialist arsenic refining
companies which produce arsenic compounds for use in various chemical
and processing industries. The shipments of Arsenic concentrates
are monitored and tracked by Chinese environmental agencies. Both
the buyer and the seller have to be registered to produce and ship
arsenic. These registrations are required at both state and provincial
government levels, and there appears to be a high level of scrutiny to
ensure all arsenic is adequately accounted for throughout the process.
Salt
Copper material from Solwara 1 requires the removal of salt water.
Most of the salt is removed when the water is drained off from the
mineralized material (dewatered). However, some salt is present in
the residual water that remains with the mineralized material after
dewatering. Test work has indicated that this salt will not have any
significant negative impact on the flotation or smelting process.128
The TNFM site operates with a net negative water balance as a result of high
rates of evaporation during the cooling of slag. This means that fresh water is
always being added to the process with no need for discharge of treated water
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The Tongling refinery
site operates with a net
negative water balance,
which means that fresh
water is always being
added to the process with
no need for discharge
of treated water to
local water courses.
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to local water courses. The site can accommodate treatment of the Solwara 1
mineralized material and still maintain a net negative water balance. The only
impact on the site will be an increase in the levels of chlorides in the slag and
in some of the other product streams produced by the smelter complex.
Solwara 1 has a social and environmental benefit advantage over
terrestrial mining because there is no damage in the upper catchment
to surface and groundwater resources. In addition, arsenic is far better
contained because it is not distributed throughout millions of tons of
waste rock and tailings piles, where it may interact with or impact on
communities. Gangue minerals and damaging associated elements
such as selenium are very low in Solwara 1 mineralized material.

The Nautilus Minerals Inc. Solwara 1 Project

Even with modern facilities, copper smelting is not a pristine process.
Currently, there is no advertised “clean copper” standard and no assurance
that it would fetch a higher price if such a standard were in place. However,
if a future analysis shows that the TNFM is comparatively better than other
concentration and smelter sites, reducing impacts and effluents, this may
contribute to upgrading the overall sustainability of copper production.
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All copper concentrating and smelting processes have effluents and dangerous
by products, such as arsenic. Nautilus has chosen one of the most modern
facilities in the world with a greater opportunity to reduce the amount and
toxicity of tailings. The TNFM smelter is currently the newest copper smelter
in the world, utilizing the latest technology. The Solwara 1 mineralized material
has a high concentration of chalcopyrite and has few gangue minerals.130
The TNFM smelter is close to associated industries, such as iron, chemical,
and concrete production. Thus, most of the pyrite other by-products can
be utilized in other industries, greatly reducing waste material. Some end
waste materials, including traces of arsenic, will be disposed of as backfill in
associated underground copper mines very close to Tongling, TNFM.131

Nautilus and TNFM are continuing to plan details for the processing of
copper mineralized material from Solwara 1. Nautilus aims, where possible,
to work with TNFM to ensure the mineralized material and byproducts
are handled in a best practices, responsible manner.129 Nautilus is setting
a higher-than-industry standard by following the product stewardship line
and including environmental and social impact criteria for smelter selection.

The TNFM smelter is new, and is likely to operate at full capacity. At
the smelter scale, copper mineralized material from Solwara 1 will
displace copper ore from terrestrial mines rather than be additive.
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Conclusion to the Discussion of
Copper Shipping, Concentrating,
Smelting and Disposal

Arsenic and salt are contained within the material handling
concentrating and smelting process. This does provide the opportunity
to isolate hazardous materials like arsenic more effectively.

An analysis of the efficiency (pollutants/ton of copper ore produced)
could not be conducted at this time for either TNFM or other smelters.
The TNFM smelter complex is likely in the top 10%, if not the top 1%,
of least air-polluting smelters per metric ton of copper produced, due
to new technology, production efficiencies, and closed systems.
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Setting aside conservation
areas such as South Su,
investing in baseline
data such as a thorough
survey of life at the site
and beyond the mining
impact area, providing
information willingly
and ensuring close
independent monitoring
from the life-of-the-mine
through reclamation are
all ingredients to avoid
the dramatic errors made
in terrestrial mining.

Though some details regarding the ultimate disposal of tailings and
smelting slag remain to be settled, there seems to be both the
opportunity and willingness on the part of Nautilus to pursue the
most environmentally sound options.

Other Issues
Finally, several issues likely to be more fully examined in future reports
are included here.
Setting Standards
As Solwara 1 is developed, Nautilus and the Government of PNG will manifest
the world’s first deep seabed mining operation. As such, Nautilus and the
PNG Government will play a critical role in defining the standards for deep
seabed mining at both the national and international scales. As the first deep
seabed mining project, Solwara 1 can set a high sustainability standard for the
International Seabed Authority. Setting aside conservation areas such as South
Su, investing in baseline data such as a thorough survey of life at the site and
beyond the mining impact area, providing information willingly and ensuring
close independent monitoring from the life-of-the-mine through reclamation
are all ingredients to avoid the dramatic errors made in terrestrial mining.
IFC Standards
International social and environmental standards for investments exist.
The most widely accepted standards have been set by the International
Finance Corporation (IFC) of the World Bank Group. Although not required to
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meet IFC standards, Solwara 1 should surpass IFC social and environmental
standards for mining in many areas. The IFC mining requirements were set
in 2007 and should be up-dated. In addition, IFC requirements provide no
guidance for deep seabed mining. Nautilus and the PNG Government have
an opportunity to dramatically reduce the social and environmental impacts
of mining and surpass many elements of the IFC standards. For example,
Solwara 1 does not require the relocation of communities and does not
impact cultural resources. There is no freshwater contamination, upper
watershed tailings, or rock waste. In addition, the Nautilus proposal will have
community projects, but not as mitigation for any impact to communities.
The mine should only have positive impacts on communities in New
Ireland and New Britain. This approach may set a new standard for “best
practices” in mining that greatly surpasses the current IFC requirements.
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downsides to the mining
transformation that
seabed mining brings forth.
There would be far fewer
mining jobs in Solwara 1
as opposed to a traditional
mine that removes a
similar quantity of copper.

Reduced Mine Employment
Increased efficiency in any industry often results in less employment. As noted
by Nautilus staff, there are also social downsides to the mining transformation
that seabed mining brings forth. There would be far fewer mining jobs in
Solwara 1 as opposed to a traditional mine that removes a similar quantity
of copper. Prominent Hill copper mine employs about 1,400 people,133 and
Bingham Canyon employs 2,800 people.134 There would likely be less than
200 people working on the Solwara 1 mine site on the production vessel.
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Falling employment in mining is nothing new, however. It has been a
function of increased technology and mechanization for the past 150
years. The ability to produce more output with less labor is a global
phenomenon in every area of commodity and manufacturing production.
This certainly deserves greater attention. Increased employment with
Nautilus community projects could partially outweigh this net employment
loss and could contribute to increased sustainability (coral reef restoration
projects, for example). Counterbalancing the loss of employment (which
has been a long-standing trend) is the fact that increases in productivity
form the basis for rising real wages and a higher quality of life.
Impact on Copper-Exporting Nations
Copper exports provide a significant part of several countries’ GDP.
For example, copper exports account for 20% of Chile’s GDP and
60 % of Chile’s exports. At the scale of Solwara 1, the impact would
be relatively small, but competition with expanded seabed mining
could have a significant impact on the global copper market and
particularly copper dependent countries like Chile and Zambia.

Transforming Mining Processes
Deep seabed mining is a transformational approach to mining. The mine
production vessel and three remotely-operated mining vehicles would displace
hundreds of vehicles and much heavy equipment common to terrestrial
copper mines. Much of the equipment is unnecessary because the mineralized
material is on the surface of the seabed, meaning that the removal of millions
of tons of overburden is avoided and mine efficiency is improved. Much of
what is considered mining would be converted into a shipping activity. A
vessel far above the mine site is being designed to enable enormous mining
equipment to be easily and directly pulled out of the mine. This is impossible
in any underground or open-pit terrestrial copper mine. This advancement
alone would save downtime, increase efficiency and save on repair and mining
costs. In a typical mine, road building is a gargantuan undertaking, yet this
necessity does not exist in this deep seabed proposal. Additionally, weather
at the sea floor is consistent, facilitating smooth, continuous operations. In
March 2015, all mining stopped at Chuquicamata (the world’s largest copper
mine) and five other large copper mines in Northern Chile due to a heavy
rainstorm that washed out the mine roads and flooded open pits. This
sort of disturbance would not be a problem in deep seabed mining.132 The
Bismarck Sea is also protected from typhoons and tropical storms. There is
a great deal of opportunity for engineering and efficiency improvements in
mining at the deep sea floor that should be addressed in future analyses.

Analysis IV

Opening the Seabed to Metals Mining
Most of the earth’s solid surface resides in the deep seabed. Opening
this area to metal mining, and thereby allowing higher concentrations
of mineralized material to be mined with dramatically fewer impacts to
communities, surface area, and social and natural capital assets, would
be a historic achievement for Solwara 1. Copper ore concentrations have
been declining dramatically in the last 100 years. Copper is becoming
more and more energy-, water-, landscape- and pollution-intensive.
“Peak copper”, the idea that copper production will become so expensive
that world production will decline, has become a mantra in some circles.
Mining selected copper
resources at the deep
seabed while still carefully
conserving biodiversity
promises to move copper
concentrations back to 6%
and open an area far larger
than all terrestrial lands to
mining. Yet, with higher
copper concentrations and
virtually no overburden,
far less of the ocean floor
would need to be disturbed
to recover a ton of copper.

Mining selected copper resources at the deep seabed while still carefully
conserving biodiversity promises to move copper concentrations back to 6%
and open an area far larger than all terrestrial lands to mining. Yet, with higher
copper concentrations and virtually no overburden, far less of the ocean floor
would need to be disturbed to recover a ton of copper. The physical extent
of the proposed Solwara 1 mine is 14 ha, the same area as a typical Walmart
parking lot. As is the case for all mining, living systems will be disturbed and
destroyed. Some copper mines displace the highest biodiversity ecosystems
on the planet. Ok Tedi in PNG is astride a ridge in one of the earth’s biodiversity
“hot spots” and has impacted ecological systems from cloud forest to coral
reef. The deep seabed, especially vent systems, have specialized ecosystems
that must be conserved; however, mining high-grade mineralized material
allows for less overall disturbance. Mining the deep seabed avoids the inevitable
reality of mine waste and tailings eroding, contaminating and flooding the
entire length of riparian systems to the continental shelf of the ocean.
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◄◄ Community engagement
Image credit: Nautilus
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Expert Recommendation
Pursuing a global economy
that is more sustainable
and provides greater
services for the world’s
poorest requires more
copper. Copper is necessary
for wind, hydro, wave,
geothermal, and tidal
power production. If
terrestrial mining could
be reduced, Solwara 1
would still be preferred
over new or existing
terrestrial mines because
it entails fewer social and
natural capital impacts as
shown by Analyses II-IV.

Analysis I showed that recycling and substitutes cannot be sufficiently
increased to displace copper mining. Recycling is likely limited to
around 35% of the supply because copper has a long productive life,
high prices, and efficient recycling markets. Substitutions for some
copper applications are taking place. For example, the replacement
of long-haul copper communication lines with fiber optic cables is
market driven. At the same time, the demand for copper for new
applications is also increasing. Expanding global renewable energy
supplies (copper generator windings), clean water provisioning (copper
plumbing) and communications technology requires millions of tons
of copper. Pursuing a global economy that is more sustainable and
provides greater services for the world’s poorest requires more copper.
Copper is necessary for wind, hydro, wave, geothermal, and tidal power
production. If terrestrial mining could be reduced, Solwara 1 would still
be preferred over new or existing terrestrial mines because it entails
fewer social and natural capital impacts as shown by Analyses II-IV.

Analysis III demonstrated that Solwara 1 will produce more copper with
fewer natural capital inputs, fewer damaging outputs, and a smaller
area of impact for every metric ton of copper produced. Quantifiable
physical impacts were measured per ton of copper produced. Solwara
1 outperforms the other copper mines in terms of fresh water required,
mineral waste, carbon dioxide emissions and energy use per ton
of copper produced. This reflects the physical efficiency of copper
production, and the likely lower natural capital impacts of Solwara 1.
Analysis IV estimated the dollar value of natural capital assets
impacted to be far lower for Solwara 1 than for a comparable
terrestrial mine. There are no ecosystem service valuation studies
for the deep seabed. Some ecosystem services can be accurately
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valued at zero because they do not exist at the deep seabed, such
as fresh water filtration and supply. Other ecosystem services exist
at the Solwara 1 site, but are scarce or low-functioning compared
with terrestrial systems. A proxy for estimating deep seabed
ecosystem services that exist is to use high terrestrial values, likely
overestimates, for the values provided in the deep seabed, and
this was applied. Solwara 1 has far lower natural systems impact
values than terrestrial mines. For terrestrial mines, mines located in
deserts appear to perform better than mines located in forests.

Four analyses were conducted in this report, as well as a high-level
summary of deep seabed science in the Bismarck Sea and a discussion
of copper smelting relevant to Nautilus’ proposed activities.

Analysis II identified goods and services that are impacted by
terrestrial and deep seabed copper mining. The displacement
of communities, food production, impact to water supplies
and the risk of failing waste structures are all impacts that are
present in terrestrial mining, but not present in deep seabed
mining. By impacting fewer categories of natural capital, Solwara
1 is far superior to existing (and proposed) terrestrial mines that
entail far greater environmental and social impact and risk.

Analysis IV

A discussion of the proposed shipping, concentrating, and smelting
process for Solwara 1 shows that it is likely a far better process than
those offered at other smelting facilities. The TNFM smelter is the
world’s most modern smelter (completed in 2014). However, there
are concerns that are present for all sulphide copper ores, such
as arsenic wastes and salt in the ore. Nautilus is not responsible
for the mineralized material once sold to a smelter. However, the
company has contracted with one of the world’s newest smelters
and requested an accounting from TNFM of the fate of all copper
concentrating and smelting byproducts. This establishes a new
best practice in the copper mining and production industry.
Solwara 1 can also set a high bar for deep seabed mining. This
includes the establishment of conservation sites based on careful
science to protect the biodiversity and promote post-mining larval
recolonization. There are currently eight other deep seabed mining
leases which have been approved globally. Setting a high standard
in PNG provides a model for the International Seabed Authority and
other countries when considering regulation of seabed mines.
In a world of over 7.3 billion
people, copper is needed.
The current path is to
expand terrestrial mining of
copper ore with declining
concentrations of copper,
higher costs, increased longterm risks and greater social
and environmental impacts.
This environmental and
social benchmarking
study demonstrates
the clear benefits of
developing the first deep
seabed copper mine.

What sets Solwara 1, Nautilus, and the PNG Government apart
is the implementation of deep seabed mining. Copper mining
has been exclusively terrestrial for 7,000 years. Expanding
metal mining to the deep seabed opens most of the earth’s
solid surface to mining for the first time. The technological
transformation associated with the mining technology, machinery
and production vessel is remarkable. History records few
technological developments with such capacity for change, economic
advancement, and transformation toward greater sustainability.
In a world of over 7.3 billion people, copper is needed. The current
path is to expand terrestrial mining of copper ore with declining
concentrations of copper, higher costs, increased long-term risks
and greater social and environmental impacts. This environmental
and social benchmarking study demonstrates the clear benefits of
developing the first deep seabed copper mine. Solwara 1 provides

103

|

Analysis IV

Environmental and Social Benchmarking Analysis

an opportunity to expand mining to 7% copper,135 with fewer
social and ecological impacts and long-term risks. It provides an
opportunity to meet the copper demands for expanding sustainable
energy production, rural electrification, better and more widespread
telecommunications, safe drinking water and a plethora of modern
products. Providing these goods and services that require copper
is essential to improving the quality of life for over a billion people
living in severe poverty. In a world of declining terrestrial copper
concentrations, Solwara 1 provides a path toward producing copper
with higher concentrations in the 21st century and beyond.
Overall, Earth Economics finds the Solwara 1 proposal to be a clear
opportunity to dramatically reduce the social and environmental
impacts of copper mining.

►► Traditional fishing
Image credit: Photo: AusAID
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Appendix A: Land Cover, Ecosystem
Services, Authors and Values
for Monetization Analysis
The land cover, ecosystem services, and authors with dates
and values utilized for the ecosystem service monetization
analysis are included in the table below. The full references for
the studies in this Appendix are included in Appendix B.
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Appendix B: Ecosystem Service
Valuation Study References
Solwara 1 Full References
Godoy, R., R. Lubowski, and A Markandaya. 1993. A method for the economic
valuation of non-timber forest products. Economic Botany 47(3): 220-233.
Krieger, D.J. 2001. Economic value of forest ecosystem services: A review. The
Wilderness Society. Washington, D.C. http://www.wilderness.org/Library/Documents/
upload/Economic-Value-of-Forest-Ecosystem-Services-A-Review.pdf

Prominent Hill Full References
Bennett, R., Tranter, R., Beard, N., Jones, P. 1995. The value of footpath provision
in the countryside: a case-study of public access to urbanfringe woodland.
Journal of Environmental Planning and Management 38, 409-417.
Costanza, R, d’Arge, R., deGroot, R., Farber, S., Grasso, M., Hannon, B., Limburg, K.,
Naeem, S., O’Neill, RV., Paruelo, J., Raskin, RG., Sutton, P., van den Belt, M. 1997. The
value of the world’s ecosystem services and natural capital. Nature 387: 253-260.

Bingham Canyon Full References
Adamowicz, W.L., Swait, J., Boxall, P., Louviere, J., and Williams, M. 1997. Perceptions
versus objective measures of environmental quality in combined revealed and stated
preference models of environmental valuation. J. Environ. Econ. Manage. 32: 65–84.
Adger, W.N., Brown, K., Cervigini, R., Moran, D. 1995. Towards estimating total economic value
of forests in Mexico. Centre for Social and Economic Research on the Global Environment,
University of East Anglia and University College London, Working Paper 94-21.
Alberta-Pacific Forest Industries Inc. 1997. Detailed forest management plan
(April 30, 1997 Draft). Alberta-Pacific Forest Industries Inc., Edmonton.
Allen, J., Cunningham, M., Greenwood, A., Rosenthal, L. 1992. The value of California wetlands: an
analysis of their economic benefits. Campaign to Save California Wetlands, Oakland, California.
Amigues, J. P., Boulatoff, C., Desaigues, B., Gauthier, C., Keith, J.E. 2002. The benefits
and costs of riparian analysis habitat preservation: a willingness to accept/willingness
to pay contingent valuation approach. Ecological Economics 43 17-31.
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in the countryside: a case-study of public access to urbanfringe woodland.
Journal of Environmental Planning and Management 38, 409-417.
Bergstrom, J. C., Dillman, B.L., Stoll, J.R. 1985. Public environmental amenity benefits of private
land: the case of prime agricultural land. Southern Journal of Agricultural Economics 7 139-149.
Berman, Matthew, Armagost, Jeffrey. 2013. Contribution of Land Conservation and
Freshwater Resources to Residential Property Values in the Matanuska-Susitna Borough.
Berrens, R. P., Ganderton, P., Silva, C.L. 1996. Valuing the protection of minimum instream
flows in New Mexico. Journal of Agricultural and Resource Economics 21 294-308.
Birdsey, R.A. 1996. Regional Estimates of Timber Volume and Forest Carbon for Fully
Stocked Timberland, Average Management After Final Clearcut Harvest. In Forests and
Global Change: Volume 2, Forest Management Opportunities for Mitigating Carbon
Emissions, eds. R.N. Sampson and D. Hair, American Forests, Washington, DC.
Bishop, K. 1992. Assessing the benefits of community forests: An evaluation of the recreational use
benefits of two urban fringe woodlands. Journal of Environmental Planning and Management 35, 63-76.
Bolitzer, B., Netusil, N. R. 2000. The impact of open spaces on property values in
Portland, Oregon. Journal of Environmental Management. 59(3). 185-193.
Bouwes, N. W., Scheider, R. 1979. Procedures in estimating benefits of water
quality change. American Journal of Agricultural Economics 61, 635-639.
Boxall, P. C. 1995. The economic value of lottery-rationed recreational hunting. Canadian
Journal of Agricultural Economics-Revue Canadienne D Economie Rurale 43 119-131.
Boxall, P. C., McFarlane, B.L., Gartrell, M. 1996. An aggregate travel cost approach to
valuing forest recreation at managed sites. Forestry Chronicle 72, 615-621.
“Brander, Luke M, Koetse, Mark J. 2007. The Value of Urban Open Space: Meta-Analyses of Contingent
Valuation and Hedonic Pricing Results. IVM Working Paper: I. 07/03 Date: December 2007”
Brander, Luke M., Florax, Raymond J.G.M., Vermaat, Jan E.. 2006. The Empirics of Wetland
Valuation: A Comprehensive Summary and a Meta-Analysis of the Literature. Allen did the first
pass. Then Zac wanted this to be sent to Cameron to fill in additional non-required fields.
Breffle, W., Morey, E. Lodder, T. 1997. Using Contingent Valuation to Estimate a Neighborhood’s
Willingness to Pay to Preserve Undeveloped Urban Land. University of Colorado. Department
of Economics. 1-29. http://www.colorado.edu/economics/morey/4535/cunning.pdf
Brookshire, D., Thayer, M.A., Schulze, W.D., D’Arge, R.C. 1982. Valuing public goods: a
comparison of survey and hedonic approach. American Economic Review 72 (1): 165 -177.

Barrick, Kenneth A, Beazley, Ronald l. 1990. Magnitude and Distribution of Option Value for the Washakie
Wilderness, Northwest Wyoming, USA. transcribed by Allen Posewitz, reviewed by Angela Fletcher

Butler, Larry D., Workman, John P. 1993. Fee hunting in the Texas Trans Pecos area: A
descriptive and economic analysis. The Journal of Range Management 46(1). 38-42.

Bennett, R., Tranter, R., Beard, N., Jones, P. 1995. The value of footpath provision

Canadian Urban Institute. 2006. Nature Counts: Valuing Southern Ontario’s Natural Heritage.
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for Wetland Resources, Lousiana State University, Baton Rouge, Lousiana.
Toronto, Canada. http://www.canurb.com/media/pdf/Nature_Counts_rschpaper_FINAL.
Cleveland, C.J. Betke, M. Federico, P., Frank, J.D., Hallam, T.G., Horn, J., Lopez, Juan D.J.,
McCracken, G.F., Medellin, R.A., Moreno-Valdez, A., Sansone, C.G., Westbrook, J.K., Kunz,
T.H. 2006. Economic value of the pest control service provided by Brazilian free-tailed bats
in south-central Texas. Frontiers in Ecology and the Environment. 4(5). 238-243.
Contingent values for New Mexico instream flows: With tests of
scope, group-size reminder and temporal reliability
Cooper, J., Loomis, J. B. 1991. Economic value of wildlife resources in the San Joaquin
Valley: Hunting and viewing values. In Economic and Management of Water and Drainage
in Agriculture eds. Diner and Zilberman., Vol. 23. Kluwer Academic Publishers.
Cordell, H. K., Bergstrom, J.C. 1993. Comparison of recreation use values among alternative
reservoir water level management scenarios. Water Resources Research 29 247-258.
Costanza, R, d’Arge, R., deGroot, R., Farber, S., Grasso, M., Hannon, B., Limburg, K.,
Naeem, S., O’Neill, RV., Paruelo, J., Raskin, RG., Sutton, P., van den Belt, M. 1997. The
value of the world’s ecosystem services and natural capital. Nature 387: 253-260.
de Groot, R.S. 1992. Functions of nature: Evaluation of nature in environmental planning,
management, and decision making. Wolters-Noordhoff, Groningen. 315pp.
Delfino, Kim, Skuja, Mike, Albers, D’Anne. 2007. Economic Oasis: Revealing the
True Value of the Mojave Desert. This study reviewed the ways the Mojave desert
contributes to the economy. Only usable values were transcribed.
Economic valuation of regulating services provided by wetlands in agricultural landscapes: A meta-analysis
Environmental amenities and agricultural land values: a hedonic
model using geographic information systems data
Estimating the benefits of phosphorus pollution reductions: an application in the Minnesota River
Everard, M. 2009. Ecosystem Services Case Studies. Environment Agency. UK.
Farber, S., Costanza, R. 1987. The economic value of wetlands systems.
Journal of Environmental Management 24 : 41-51.
Faux, John, Perry, Gregory M. 1999. Estimating Irrigation Water Value Using
Hedonic Price Analysis: A Case Study in Malheur County Oregon.
Gascoigne, W.R., Hoag, D., Koontz, L., Tangen, B.A., Shaffer, T.L., Gleason, R.A.
2011. Valuing ecosystem and economic services across land-use scenarios in the
Prairie Pothole Region of the Dakotas, USA. Ecological Economics. 70(10).
Gibbons, D. C. 1986. The economic value of water. Resources for the Future, Washington D.C.
Gosselink, J. G., Odum, E.P., Pope, R.M. 1974. The value of the tidal marsh. Center

Gren, I.M., Soderqvist, T. 1994. Economic valuation of wetlands: a survey. Beijer International
Institute of Ecological Economics. Beijer Discussion Paper series. 54. Stockholm, Sweden.
“Grossmann, Malte. 2012. Economic value of the nutrient retention function of restored floodplain
wetlands in the Elbe River basin. 1st review by Allen Posewitz, 2nd review by Angela Fletcher
Gupta, T. R., Foster, J.H. 1975. Economic criteria for freshwater wetland policy in Massachussettss.
American Journal of Agricultural Economics 57: 40-45.Gupta, T. R., Foster, J.H. 1975. Economic criteria for
freshwater wetland policy in Massachussettss. American Journal of Agricultural Economics 57: 40-45.
Haener, M.K. 1998. Regional forest resource accounting: a northern Alberta case study incorporating
fire and price risk. M.Sc. thesis, Department of Rural Economy, University of Alberta, Edmonton.
Hanley, N. D. 1989. Contingent valuation as a method for valuing changes in environmental
services flows. Paper presented at the University of Uppsala, Uppsala, Sweden,
Jenkins, W.A., Murray, B.C., Kramer, R.A., Faulkner, S.P. 2010. Valuing ecosystem services from
wetlands restoration in the Mississippi Alluvial Valley. Ecological Economics. 69. 1051-1061.
Jones, O. R., Eck, H.V., Smith, S.J., Coleman, G.A., Hauser, V.L. 1985. Runoff, soil,
and nutrient losses from rangeland and dry-farmed cropland in the southern
high plains. Journal of Soil and Water Conservation 1:161-164.
Knoche, S. and Lupi, F. 2007. Valuing deer hunting ecosystem services
from farm landscapes. Ecological Economics 64, 313-320.
Knowler, D.J., MacGregor, B.W., Bradford, M.J., Peterman, R.M. 2003. Valuing freshwater salmon
habitat on the west coast of Canada. Journal of Environmental Management 69 261–273.
Kozak, J., Lant, C., Shaikh, S., Wang, G. 2011. The geography of ecosystem service value: The
case of the Des Plaines and Cache River wetlands, Illinois. Applied Geography 31, 303-311.
Kreutzwiser, R. 1981. The economic significance of the long point marsh, Lake Erie,
as a recreational resource. Journal of Great Lakes Resources 7 105-110.
Krieger, D.J. 2001. Economic value of forest ecosystem services: A review. The
Wilderness Society, Washington, D.C. http://www.wilderness.org/Library/Documents/
upload/Economic-Value-of-Forest-Ecosystem-Services-A-Review.pdf
Kulshreshtha, S. N., Gillies, J.A. 1993. Economic-evaluation of aesthetic amenities
- a case-study of river view. Water Resources Bulletin 29 257-266.
Lampietti, J.A., Dixon, J.A. 1995. To see the forest for the trees: a guide to non-timber forest
benefits. The World Bank,. Environmental Economics Series 013, Washington, D.C.
Lant, C. L., Roberts, R.S. 1990. Greenbelts in the corn-belt - riparian wetlands,
intrinsic values, and market failure. Environment and Planning 22 1375-1388.
Lant, C. L., Tobin, G. 1989. The economic value of riparian corridors in cornbelt
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floodplains: a research framework. Professional Geographer 41, 337-349.
Leschine, T. M., Wellman, K.F., Green, T.H. 1997. Wetlands’ Role in Flood Protection.
October 1997. Report prepared for: Washington State Department of Ecology
Publication No. 97-100. http://www.ecy.wa.gov/pubs/97100.pdf
Loomis, J. 1991. Willingness to Pay to Protect Wetlands and Reduce Wildlife Contamination
from Agricultural Drainage,” In: Dinar, A., Zilberman, D. The Economics and Management
of Water and Drainage in Agriculture. Kluwer Academic Publishers. 1991.
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Appendix C: Analysis I: Copper
Recycling and Substitution
Is copper mining necessary? Some advocates, including Greenpeace, assert
that copper recycling provides an alternative to seabed mining.136 Copper
prices are high, providing a strong incentive for recycling globally. Recycling
currently provides a significant portion of the total annual copper supply.
Though sources differ on the exact amount, it is likely above 30%. Increasing
recycling is a goal that should be pursued globally. Copper is too valuable
to be sent to a landfill. However, copper also has a long, useful life in most
products. Mining today provides the vast majority of the copper supply.
Demand for copper continues to rise, but is highly sensitive to economic
downturns, particularly in the housing market. How best to mine copper
with the fewest negative externalities or damaging impacts to communities,
biodiversity, water quality, and natural systems is a critical question.
Mining seabed copper ore could displace terrestrial mining because the return
per hectare of disturbance is high (disturbance is very low), saving communities,
biodiversity, energy, and greenhouse gas emissions, and more. If increased
copper recycling can be achieved, it should displace the most destructive
copper ore mining. The following discussion examines recycling and the more
potent option of substituting other technologies and materials for copper.
The implications of recycling for the Solwara 1 proposal are also discussed.
Copper is virtually 100% recyclable; as an element, copper does not
decay. Copper does not lose physical, chemical, or performance
properties with recycling processes. Recycled copper is no different from
copper smelted from ore. Recovering and recycling copper for reuse
helps meet global demand, conserves natural resources, and improves
sustainability by reducing environmental and social externalities. The
process of recycling copper, called secondary production, uses far
less energy—up to 85 % less—than primary production (mining).
The current level of copper recycling saves an estimated 100 MW of
electrical energy and 40 million metric tons of CO2 each year.137
Recycled copper has remained a relatively stable portion of the growing
copper supply, consistently supplying between 30% and 40% of the total
copper supply since the 1950s. The demand for copper has increased
dramatically from 2.5 million metric tons in 1950 to between 21 and 24
million metric tons in recent years, at an annual growth rate of 3.4%.
This is despite dramatic copper price fluctuations, economic booms and
busts, and some changes in copper applications. Of the estimated 24
million metric tons of copper used around the globe in 2010, 35% was
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sourced through recycling.138 Part of the recent increase in the demand
for copper comes from an increase in demand for end-of-life products
such as laptops and cell phones, as well as the demand for plumbing
and wiring with the growth in construction in developing countries.
Recycled copper can come from “old” scrap (end-of-life products found
in electronics, households, cars, and industrial) and “new” scrap (factory
scrap waste from the copper production process). Around 9 million metric
tons of copper per year comes from both “old” and “new” scrap.139
A recent article in Environmental Sciences and Technology examined
the total stock of copper in the global built capital economy. The article
states: “Based on the global copper stocks and flows model, recently
developed by the Fraunhofer Institute, it is estimated that two-thirds
of the 550 million metric tons of copper produced, since 1900, are
still in productive use.”140 This approximately 360 million metric tons
of copper is equivalent to a 17-year supply of copper at the current
demand of 21 million metric tons per year. Yet, this copper is largely
unavailable for recycling because it is still productively employed in
buildings, equipment, generators, ships and other built capital assets.
Experts project that additional copper recycling will be necessary to keep
up with the growing demand, but also expect that this will not relieve
the full demand for copper from mining.141 For recycling to effectively
increase, there will need to be innovation in education. Cultural adoption
must increase to raise recycling rates. Improvements in product design
to facilitate recycling must proceed. Incentives motivating recovery
must be implemented. Specific, proven catalyst programs will be
required to achieve higher copper recycling rates, if copper recycling
is to partially decrease the demand for mining sourced copper.142
Copper recycling has limitations. Fraunhofer and the International Copper
Association have pointed out that there are copper losses during the
smelting process, semi-finished production processes, with dissipation
and abandonment of products, losses in scrap collection and losses in
scrap separation processes. They do not estimate how much additional
copper in the current global flow of copper could be additionally
recycled. One of the difficulties of estimating copper availability for
increased recycling is the lack of data concerning the amount of copper
in the built capital stock that could be available for recycling, such
as the copper contained in an obsolete generator in a farmer’s barn,
versus the copper stock in built capital that is fully utilized, such as an
operating generator in a farmer’s barn. Copper prices are high. The
global recycling market is large, brisk and efficient. There is strong global
awareness that recycling copper provides income. It appears that there
is no easily available vast stock of copper simply waiting to be recycled.
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Further research will be required to understand the full potential
of copper recycling, but it is the opinion of Earth Economics that
it is very unlikely to provide much more of the global copper
supply than it currently provides within the next decade.
Overall, there is no question that mining is required to meet growing
copper demand and to ensure that many people living in poverty can avail
themselves of modern power, drinking water and electronic goods. Copper
is generally applied in long-lived applications, such as house plumbing or
generator windings. This is unlike an aluminum beverage can, which has
a short life between recycling events. Copper applications have useful
lifespans that can easily last decades as in power station generators. In
addition, much of the copper consumption provides new services such as
rural electrification, residential construction, and industrial applications,
particularly in China and India. Thus, according to the International
Copper Study Group (ICSG), “recycled copper alone cannot meet society’s
needs.”143 The only opportunity for greatly increasing copper recycling
would be to displace copper currently in use with substitute materials.
For many applications, copper is a difficult material to replace because
it performs so well as a power and heat conductor. Copper has been a
necessity for applications in domestic and industrial infrastructure and high
technology for decades, and will continue to be essential to both developed
and developing nations. There has, however, been growing research and
development in alternative materials and substitutes for copper. Carbonbased conductor replacement materials are on the technological horizon.144
Carbon-based conductor replacement materials are being researched for
applications in aerospace, oil platforms, and optoelectronic devices. Carbon
nanotube conductor cables, currently under development, show promise.
They have been shown to carry four times as much current as copper wire
of the same mass, but at a fraction of the weight.145 Overall, however, there
is currently no satisfactory substitute for copper commercially available
for many applications. If price-competitive carbon-based nanocomposite
products can be produced at a large enough scale, then the demand for
copper in power distribution cabling could be reduced. According to a report
by BCC Research, “Global consumption of nanocomposites is expected to
grow in unit terms from nearly 225,060 metric tons in 2014—an estimated
value of over $1.2 billion—to nearly 584,984 metric tons in 2019— $4.2
billion in value—at a compound annual growth rate (CAGR) of 21.1 % for
the period of 2014 to 2019.”146 This growth represents the application
of nanocomposites to far more than copper replacement applications.
Copper recycling rates could be increased if many products were
redesigned to facilitate cost-effective copper recovery (and the recycling
of other materials). This is happening more rapidly in some industries,
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such as computer manufacturing. It is important to keep scale in mind.
Cell phones have a relatively short lifespan for copper applications,
and they are not designed for easy mineral recovery. In addition, a
vast increase in recycling of cell phones would not move the world
market in copper. For one million cell phones gone to waste, 1.6 metric
tons of copper has also gone to waste, however.147 This is a relatively
insignificant amount of copper. Few cell phones are going to waste.
Every phone is worth recycling, not only for the copper, but also for
the gold, cobalt, niobium and more. The entire global stock of roughly
4 billion cell phones contains about 6,400 metric tons of copper. This
amount would be dwarfed by the stock of copper plumbing currently
in buildings if it were recycled, yet most copper plumbing is still in use.
Copper plumbing is difficult to replace, and the cost of replacement far
exceeds the income that would be generated by copper recycling.
Existing residential and commercial building communications wiring
throughout the developed world could be viewed as a vast ‘copper mine’.
In the case of telecommunications, substitutes with less cost and greater
productivity exist. Pulling wires from buildings is far less costly than pulling
plumbing. Most voice and data communications can now be conducted
over fiber optic networks or wireless systems. While telecommunications
used to be the largest market for copper in the U.S. forty years ago, the
use of copper in telecommunications cables has since declined sharply
with the rise of fiber optic and wireless technology.148 Fiber links are
proven to be a more efficient application for communications, providing
over 1,000 times as much bandwidth and 100 times the distance
capability, not to mention the capacity to handle more information at
a faster rate and with a clearer signal.149 If the US government were
to upgrade its inventory of 436,000 buildings with wireless & fiber
networks and reclaim the now obsolete copper wiring, thousands of
metric tons, but not millions of metric tons, of copper could be recycled.
Counterbalancing substitution away from copper is the phase out of other
metals or materials, such as lead solder, where copper may be part of the
replacement for more toxic or lower performance materials. Increased
use of copper is the solution in some applications, particularly copper in
alloys that are less toxic, more conductive, or more durable substitutes.
There is also growing demand for copper in renewable energy. Over
the last decade, increasing investment of renewable resource energy
infrastructure and technologies in the U.S. has increased four-fold, from
$10.4 billion in 2004 to over $44.2 billion.150 To increase renewable
energies, wind, wave, geothermal, tidal and photovoltaic (PV) solar power
systems all use copper in their wiring, tubing, cables, and generators (PV
has no generators). Offshore wind energy systems use up to 9.5 metric
tons of copper per MW of power. Land-based wind energy systems use
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2.5 to 7 metric tons of copper per MW, and PV solar panels use over 2
metric tons of copper per MW of power produced.151 Copper demand
for this sector is increasing sharply. [Offshore wind power photo]
President Obama’s 2013 Climate Action Plan committed to double US
wind and solar generation by 2020. This alone could increase the usage
of copper between 80,000 and 140,000 metric tons. China has far
more ambitious plans for expanding wind power as well as coal, gas and
nuclear power plants, which all require vast amounts of copper. When
it comes to renewable energy systems, copper is a preferred material.
It is reliable, efficient and long lived, with high performance qualities.152
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rate of house fires over copper wiring. Pex plumbing systems are based
on high quality plastic pipes with copper fittings. Pex is currently more
expensive than copper plumbing. Pex also requires crude oil, refining,
plastics and chemical production with the attendant environmental and
social impacts. Optic fiber has a far superior performance over copper
for communications uses. This technological advantage and market
forces have driven the replacement of copper by optic fiber. Despite
this significant substitution, global demand for copper has expanded.

Displacing built infrastructure copper uses with substitutes and pulling
copper from existing in-use buildings could open up a significant supply of
copper for recycling. Substitutes exist, for example, copper plumbing could
be replaced by Pex plumbing systems. Copper wiring could be replaced
by aluminum wiring. Copper-based communications wiring could be
replaced by fiber optic and wireless. However, these scenarios are not yet
economical for much of the copper stock in place. When a wireless system
is put into an existing house, the redundant copper wiring is left in place.

Finally, new systems designs that could more closely twin previously
segmented parts of the economy might reduce copper consumption.
For example, the twinning of renewable power such as windmills with
smaller distributed data centers located at the windmill sites could
cut copper use as this pairing would integrate the power grid with
communications and internet systems, using more robust fiber optic
networks. In this case, there would be a shift from moving electrons to
moving photons. Instead of moving 24 MW of power from a power plant
to a large data center (currently the power demand for a large-scale four
hectare data center), which involves large power losses, a distributed
data center system would locate appropriately sized data centers at the
power sources. Data centers already have substantial battery capacity,
24 MW for two minutes at a four-hectare data center, with additional
diesel generating capacity that stands idle awaiting a possible power
outage. In this case, the data center batteries could also be used to store
wind power for sale in peak periods as part of the power grid. With a
power consumer at the windmill site, power efficiency increases greatly
as do the economics for the windmill owner. The micro data centers
could purchase off-peak power, as well as store and sell power at peak
loads. The network of micro data centers could be managed just as a
large 10-hectare data center is managed today, optimizing use across
the processor pool. In this case, unlike a traditional data center, battery
usage could also be optimized. This would facilitate moving photons
down fiber optic cables rather than electrons down power cables.
The substitution would reduce the need for copper in transmission
lines and cabling in data centers. However, there is an enormous stock
of large data centers globally, and no rapid transition to a radically
integrated power and communications network is currently underway.

Some of these substitutes have significant environmental impacts as
well, and may not result in a net gain for sustainability. For example,
aluminum replacement of copper wiring requires bauxite mining and
is far more energy-intensive in the smelting process. Aluminum has
replaced copper in aircraft and some transmission applications, but is
not expected to replace the bulk of copper wiring. In addition, aluminum
has a larger heat expansion coefficient and has been tied to an increased

Overall, copper recycling is at a high global rate. Copper stocks in built
capital assets, such as buildings and generators, are in use. Recycling
cannot be dramatically increased in the short-term. The stock of
copper in the world’s built capital is colossal. The need for an increased
stock of copper in performing built capital such as residential houses,
renewable power and electronics is growing, and must continue to
grow if much of the world’s population is to escape abject poverty.

The global demand for copper is dominated by Asia and China
in particular. China consumes 40 % of the world’s annual copper
production. Demand in Asia has expanded fivefold over the last 30 years,
to about 13,739 million metric tons in 2013. More than half the total
global copper consumption was in Asia in 2013.153 For copper recycling to
have a significant impact in reducing the demand for mining, there would
need to be a large transfer of copper stock from North America, Europe
and Japan to China. Because China is expanding copper use in residential
and industrial sectors, power distribution, generators, renewable energy
and other areas, China has little historic copper stock to tap for recycling.
Globally, and very broadly, the end use of copper has the following
sector breakdown: 30% building construction, 30% equipment, 15%
infrastructure, 13% transport, and 12 % industrial. Construction
accounts for 55% of copper consumption in China. Domestic nonconstruction consumption accounts for 29% of copper consumption
in China. Exports account for 16% of China’s copper consumption.154
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Substitution and the urban mining of this copper stock for recycling
in the future could provide a significant and less costly source for the
copper supply. However, this transition would be disruptive, such as
pulling copper piping from existing buildings to replace with Pex, and
is neither economically viable today, nor is it on the near horizon.
Even if there were the ability to mine large built capital copper stocks,
two questions would remain. First, with the level of copper mining yet
required, though it may be a lower level, where could that copper best
be mined with the least natural capital and social impacts? This study
supports the projection that seabed copper mining will likely dramatically
outperform terrestrial copper mining (open-pit or below ground). Second,
are large-scale substitutes such as aluminum wiring, Pex plumbing,
or fiber optic actually more sustainable than copper? Optic fiber is
unquestionably a superior substitution for copper and markets have
powered this substitution. Other substitutes remain more costly, with
less performance value, and may not be more sustainable than copper.
There is potential for increased copper recycling. Significantly increasing
copper recycling could have two paths. First, redesigning products so that
more copper can be pulled from these products when their useful life
is complete. Second, the only route to significantly large-scale recycling
would be the substitution of other materials and technologies for a
significant portion of the copper stock currently in use. This would require a
system for replacing the services of copper and cheaply mining built capital
copper stocks without damaging in-use buildings and other facilities.
Though this may be viable in the future, it is not here
today. In addition, studies on the environmental and social
impacts of substitutes would need to be conducted.
There are important conclusions.
1. Copper recycling and the substitution of other materials and
technologies for the current in-use copper stock will not be realized
in the near future (the next two decades), thus, demand for copper
ore will remain high and copper mining will likely expand globally.
2. Even if mining a significant portion of the estimated 360,000
million metric tons of copper serving the current global built capital
stock became feasible, copper ore mining would still be required to
meet global demand, and seabed mining appears to be an option that
could outperform terrestrial copper mining with far less environmental
and social impacts, garnering far higher ore concentrations.
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Appendix D: Additional Smelter
Impact Case Studies
ASARCO Smelter, El Paso, Texas
Once called “Smeltertown”, El Paso, Texas had no tracking of
tailings and mining wastes. Material was dumped illegally in fields.
The EPA closed the smelter and ordered immediate remediation
due to high levels of lead and arsenic.155 However, the majority
of the smelter’s ash plume was oriented to the south, impacting
Juarez, Mexico, less than half a mile away from the smelter.
Juarez was not included in the environmental remediation.156

ASARCO Smelter, City of
Tacoma, United States
Operating from the early 1900s, the ASARCO smelter in Tacoma
was once the world’s largest copper smelter (1975)157 before it
contaminated 1,000 sq. km. of the Puget Sound region with elevated
levels of arsenic, lead and other heavy metals.158 The soils of nearby
Vashon Island are still contaminated to such an extent that the EPA
has warned residents against eating garden grown vegetables.159 The
smelter was closed and remediation of the Superfund site is being
completed. It is one of 20 sites that ASARCO manages. In 2009, after
a legal battle, ASARCO agreed to pay $94.6 million for the City of
Tacoma’s restoration of the smelter site.160 The wider remediation has
involved digging up all of the topsoil in many neighborhoods of the city.

Chemetco, City of Hartford, Illinois
With a peak production of nearly 120,000 tons of copper production
per year in the early 1990’s, Chemetco produced roughly half of all US
copper production.161 However, the company emitted more airborne
lead than any other firm in the US.162 Chemetco was convicted of
evading and violating environmental protection laws. A surprise
EPA inspection uncovered a hidden pipe discharging high levels of
zinc oxide, lead, cadmium and other regulated hazardous materials
directly into Long Lake, a tributary of the Mississippi River.163 Court
proceedings showed that with every rainfall, over 1,500 gallons
of hazardous waste sludge was pumped from the smelter into the
Mississippi River.164 Ultimately, lower profitability, an aging smelter,
and legal battles led to bankruptcy and closure of the smelter.
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Kabwe, Zambia
Kabwe translates to “Smelting Place,” a fitting name for a site that
produced roughly 7,600 metric tons of copper ore annually at its
peak during the 1970’s. Eventually, declining ore grades and poor
maintenance led to the uneconomical plant’s closure in 1994.
During its lifetime, the plant operated without pollution standards.
No plans were made for remediation. The plant site continues to
leach arsenic, lead, and chromium into the soil and water. With the
closure of the smelter, “artisanal smelting” has developed. People
manually smelt ore, risking their own and the community’s health
with ongoing and unregulated or unmonitored hazardous material
discharges.165 Much of this work is performed by children.166
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Appendix E: Additional
Copper Mine Case Studies
Marcopper, Marinduque, Philippines
The Marcopper Mining Corporation operated a highly profitable
copper mine. During this period, approximately 200 million tons
of mine tailings were piped and dumped into the Calancan Bay (16
years).167 In 1996, a break in the tailings drainage tunnel flushed
1.6 million cubic meters of acidic tailings containing arsenic into a
27km length of the Makulapnit-Boac River. Dozens of villages were
submerged beneath hazardous tailings sludge. The tailings spill
isolated roughly 20,000 people, requiring the Philippine Government
to declare a national disaster and airlift food, water, and medicine into
the area.168 Lands along the river remain uninhabitable and because
the coral reefs were smothered, coastal fisheries collapsed.169

La Oroya, Peru
The capital of Peru’s Yauli Province, La Oroya, has produced an
average of 70,000 metric tons of copper annually since 1922. In
1999, testing showed local villagers’ blood contained roughly 85
times the World Health Organization maximum limit for arsenic, 41
times for cadmium, and 13 times the limit for lead. After a decade
of remediation, the firm that owns the mine, the Doe Run, claims to
have substantially reduced levels of harmful pollution, yet there is
no independent certification of the remediation performance.170

Kabwe, Zambia
Kabwe, once at the core of Zambia’s copper production, has been
labeled “Africa’s most polluted city.”171 Deemed too uneconomic
to continue commercial production, the mine was closed in 1994.
However, villagers began their own illegal artisanal mining without
safety precautions and utilizing rudimentary tools. Destitute villagers
dig for minerals under the most primitive of conditions.172 An
average child in Kabwe has roughly 200 ug/dl of lead in their blood;
the U.S. Centers for Disease Control and Prevention considers
any concentration above 5 ug/dl to be extremely serious.173
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Grupo Mexico-Buenavista
Mine and the Sonora River
Grupo Mexico operates the Buenavista copper mine near the Sonora
River, Mexico. On August 7, 2014, Grupo Mexico SAB disclosed that
thousands of gallons of sulphuric acid had leached into the Bacanuchi
tributary to the Sonora River, severely impacting a 40-mile reach of
the river and contaminating the drinking water of 20,000 people.174
Grupo Mexico had underestimated the extent of multiple spills. The
Sonoran State Environmental Protection Agency subsequently ordered
the company to establish a $150 million trust fund before closing the
mine. The heaviest rainy season in 40 years, coupled with Hurricane
Odile, flushed highly acidic material into the river, which overflowed
into surrounding farmland. The government declared all land within
1,600 feet of the riverbanks as contaminated.175 It is estimated that
90% of agricultural production in the area has ceased in a province
where agriculture constitutes 20% of all economic activity.176
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Appendix F: About the Authors
David Batker is Founder and Executive Director of Earth Economics. He
is a leader in the field of Ecological Economics. An acclaimed speaker,
leader, educator and advocate, Dave co-founded the non-profit Earth
Economics to catalyze a global shift of investment to sustainable practices.
His work has been quoted in the Washington Post, LA Times, and 40 other
newspapers as well on radio and television. David is also a trained geologist.
Some of David’s and the Earth Economics Team’s
recent accomplishments include:
• Improving the Federal Emergency Management Agency (FEMA)
benefit/cost analysis for hurricane and flood mitigation (80% of
FEMA’s mitigation expenditures) to include environmental benefits.
• Examining the socio-economic impacts of multi-billion dollar
projects for the restoration of the Mississippi River Delta.
• Analyzing the Yosemite Rim Fire for the San Francisco Public Utilities
Commission: The first natural asset fire loss analysis. California Gov.
Brown used this for his disaster declaration; work completed in 60 days.
• Helping improve lending standards including environmental
assessment, information disclosure and indigenous people’s
rights at the World Bank, Asian Development Bank, InterAmerican
Development Bank, export credit agencies and private banks.
• David also co-authored the acclaimed book: What’s The Economy For,
Anyway? published by Bloomsbury Press. The New York Book Review
ranked the book in the top ten economics and business books in 2011.
Rowan Schmidt leads Earth Economics’ 21st Century Utility program
with the goal of expanding water utility funding mechanisms
for watershed health. Areas of the program include: providing
accurate valuation of drinking water watersheds to inform utility
investment decisions; updating national accounting standards to
recognize watersheds that provide and filter water; improving asset
management approaches for natural infrastructure; enhancing
bond disclosure standards to include watershed and natural
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capital conditions; and adjusting water utility rate structures to
support natural capital investments. Rowan also works on projects
to advance the methods and applications of ecosystem service
valuation in source water protection, benefit-cost analysis, return
on investment analysis, and other areas of policy making.
Recent areas of work include:
• Co-editing a World Resources Institute report on source water
protection strategies and contributed chapters on natural capital
finance mechanisms and accounting rules for water utilitiesPlanning
and executing several workshops that brought together leaders
from major water utilities to discuss natural capital valuation,
accounting, and finance mechanisms for source water protection.
• Working with Duke University, three partner utilities, and a number
of expert advisors to develop approaches to capturing the value of
utility natural infrastructure using a traditional balance sheet format.
• Coordinating research, writing and economic valuation of
damages due to the California Rim Fire near Yosemite Park
and Hetch Hetchy Reservoir – a key drinking water source
for San Francisco – which were used to support the State of
California’s successful application for FEMA assistance.

The Nautilus Minerals Inc. Solwara 1 Project

Analysis IV

|

142

Report References
Millennium Ecosystems Assessment Synthesis Report. 2005. Ecosystems and Human Well-Being: Synthesis. Island Press, Washington, DC. Accessed on 3.26.15 at http://www.unep.org/maweb/documents/
document.356.aspx.pdf
1

TEEB. 2010. The Economics of Ecosystems and Biodiversity: Mainstreaming the Economics of Nature:
A synthesis of the approach, conclusions and recommendations of TEEB. Accessed on 3.26.15 at: http://
www.unep.org/pdf/LinkClick.pdf.

2

Golder Associates Pty Ltd. 2012. Mineral Resource Estimate Solwara Project, Bismarck Sea, PNG.
Technical Report compiled under NI43101. http://www.nautilusminerals.com/i/pdf/SL01-NSG-DEVRPT-7020-001_Rev_1_Golder_Resource_Report.pdf

3

4

United Nations Environment Programme. 2014. Accessed on 3.26.15 at: http://www.teebweb.org.

World Bank. 2014. Wealth Accounting and Valuation of Ecosystem Services. Accessed on 3.26.15 at http://
www.worldbank.org/en/topic/environment/brief/environmental-economics-natural-capital-accounting
5

Radivojevic, Miljana. 2010. On the Origins of Extractive Metallurgy: New Evidence from Europe. Journal
of Archaeological Science 37, 2775-2787.

6

Radivojevic, Miljana. 2010. On the Origins of Extractive Metallurgy: New Evidence from Europe. Journal
of Archaeological Science 37, 2775-2787.

7

Dartmouth Toxic Metals Superfund Research Program. 2014. Copper: and Ancient Metal. Accessed on
3.26.15 at http://www.dartmouth.edu/~toxmetal/toxic-metals/more-metals/copper-history.html.

8

Staatz, M, Tabor, R., Weis, P., Robertson, J., Van Nov. R, and Pattee, E. 2006. Geological Survey Bulletin
1359. Geology and Mineral Resources of the Northern Part of the North Cascades National Park, Washington. US Geological Survey. Accessed on 3.26.15 at: http://www.cr.nps.gov/history/online_books/geology/publications/bul/1359/sec2.htm.

9

Heber, 2013. Second landslide hits Rio’s Bingham Canyon mine, 100 workers evacuated. Available at:
http://www.ferret.com.au/articles/news/second-landslide-hits-rios-bingham-canyon-mine-100-workers-evacuated-n2508529 (retrieved April 2015).
10

Östensson, O. Mineral and metals production: An overview. Available at: http://vi.unctad.org/files/
wksp/oilgaswksptanz10/docs/Presentations/Day1_Ostensson_overview.ppt (retrieved April 2015).
11

Grass, G, C. Rensing, and M. Solioz. 2011. Metallic Copper as an Antimicrobial Surface. Applied and
Environmental Microbiology. 2011 Mar; 77(5): 1541-1547.
12

US Energy Information Administration. 2014. International Energy Statistics. Accessed on 3.26.15 at:
http://www.eia.gov/cfapps/ipdbproject/IEDIndex3.cfm?tid=2&pid=2&aid=12
13

International Copper Study Group. 2014. World Refined Copper Production and Usage Trends. Accessed on 3.26.15 at: http://www.icsg.org/index.php/component/jdownloads/finish/165/871.
14

143

| Analysis IV

Environmental and Social Benchmarking Analysis

World Bank Group. 2013. Sahel Initiative. Accessed on 4.7.15 at: http://www.worldbank.org/en/region/afr/brief/world-bank-group-sahel-and-great-lakes-initiatives.
15

International Copper Study Group. 2013. The World Copper Factbook 2013. Accessed on 3.26.15 at:
http://www.icsg.org/index.php/component/jdownloads/finish/170/1188
16

Kerr, R.A., 2014. The Coming Copper Peak. Science 343, 722-724. Available at: http://inside.mines.edu/UserFiles/File/economicsBusiness/Misc%20PDFs/Copper-Science-2014-Kerr-722-4.pdf (retrieved April 2015).
17

Eavis, P and N. Gough. June 11, 2014. Banks Fear Missing Collateral in China. New York Times. Accessed on 3.26.15 at: http://dealbook.nytimes.com/2014/06/11/lenders-fear-spread-of-chinese-commodities-fraud-case/?_php=true&_type=blogs&_r=0.
18

The Nautilus Minerals Inc. Solwara 1 Project

Analysis IV

|

144

Collins, P., Tunnicliffe, V., Carlsson, J., Gardner, J., Lowe, J., McCrone, A., Metaxas, A., Sinniger, F., Swaddling, A.,
Boschen, R. (in press). A primer for use of genetic tools in environmental impact assessment: selecting and testing the suitability of set-aside sites for deep-sea seafloor massive sulphide mining, (no publication details yet).
33

Coffee Natural Systems, 2008. Environmental Impact Statement. Nautilus Minerals Niugini Limited.
Solwara 1 Project.
34

Coffee Natural Systems, 2008. Environmental Impact Statement. Nautilus Minerals Niugini Limited.
Solwara 1 Project.
35

Coffee Natural Systems, 2008. Environmental Impact Statement. Nautilus Minerals Niugini Limited.
Solwara 1 Project.
36

19

Rio Tinto. 2014. Holden Mine Remediation. Accessed on 3.26.15 at: http://www.holdenminecleanup.com.

37

20

Rio Tinto. 2014. Holden Mine Remediation. Accessed on 3.26.15 at: http://www.holdenminecleanup.com.

Collins, P., Tunnicliffe, V., Carlsson, J., Gardner, J., Lowe, J., McCrone, A., Metaxas, A., Sinniger, F., Swaddling, A.,
Boschen, R. (in press). A primer for use of genetic tools in environmental impact assessment: selecting and testing the suitability of set-aside sites for deep-sea seafloor massive sulphide mining, (no publication details yet).

Hettler, J. Irion, G., Lehmann, B., 1997. Environmental impact of mining waste disposal on a tropical
lowland river system: a case study on the Ok Tedi Mine, Papua New Guinea.
21

Yeats, Parr, et al 2014 “SuSu Knolls hydrothermal vent field”		

38

Coffee Natural Systems, 2008. Environmental Impact Statement. Nautilus Minerals Niugini Limited.
Solwara 1 Project.
39

Coumans, C. 2002. Case Study on Marcopper Mining and the Marinduque Disaster. Mines and Communities. Accessed on 3.26.15 at: http://www.minesandcommunities.org/article.php?a=1445

22

International Copper Study Group. 2013. The World Copper Factbook 2013. Accessed on 3.26.15 at:
http://www.icsg.org/index.php/component/jdownloads/finish/170/1188

40

ftp://rock.geosociety.org/pub/reposit/2011/2011342.pdf

41

Daly, H., and J. Farley. 2004. Introduction to Ecological Economics. Island Press, Washington, DC.

42

Daly, H., and J. Farley. 2004. Introduction to Ecological Economics. Island Press, Washington, DC.

23

Glöser, Simon, Marcel Soulier, and Luis A. Tercero Espinoza. 2013. Dynamic Analysis of Global Copper
Flows. Global Stocks, Postconsumer Material Flows, Recycling Indicators, and Uncertainty Evaluation.
Environmental Science & Technology 47(12), 6564-6572.
24

25

Copper Alliance. 2013. Copper Recycling. Working paper. International Copper Association, New York.

Wang, X., Behabtu, N., Young, C. C., Tsentalovich, D. E., Pasquali, M. and Kono, J. 2014. High-Ampacity Power Cables of Tightly-Packed and Aligned Carbon Nanotubes. Advanced Functional Materials,
24, 3241–3249.
26

Romano, J., 2006. The fire dangers of aluminum wiring. The New York Times. Available at: http://www.
nytimes.com/2006/02/19/realestate/19home.html?_r=0 (retrieved April 2015).
27

International Copper Study Group. 2013. The World Copper Factbook 2013. Accessed on 3.26.15 at
http://www.icsg.org/index.php/component/jdownloads/finish/170/1188.
28

29

https://www.academia.edu/594744/Rapid_Ecological_Assessment_Northern_Bismarck_Sea_Papua_New_Guinea

30

Coffee Natural Systems, 2008. Environmental Impact Statement. Nautilus Minerals Niugini Limited. Solwara 1 Project.

This report does not discuss the importance of human capital. However, people’s health and wellbeing,
as well as their work and enjoyment, are closely tied to the built and natural capital around them and are
deeply intertwined with economic prosperity.
43

De Groot, R., Wilson, M.A., Boumans, R.M.J., 2002. Ecosystem functions, goods and services: Classification, description and valuation guidelines. Ecological Economics 41, 393-408.
44

Golder Associates Pty Ltd. 2012. Mineral Resource Estimate Solwara Project, Bismarck Sea, PNG.
Technical Report compiled under NI43101. http://www.nautilusminerals.com/i/pdf/SL01-NSG-DEVRPT-7020-001_Rev_1_Golder_Resource_Report.pdf
45

Assumption based on interviews with Nautilus management, which is considered reasonable based on
Nautilus’ existing public disclosure and is used in this study solely to facilitate the analyses and comparison of the environmental and social impacts of copper mining reviewed by this study, and such information should not be used for any other purpose.
46

Levin, L.A., et al., 2009. Macrobenthos community structure and trophic relationships within active
and inactive Pacific hydrothermal sediments. Deep-Sea Research II (2009).

Golder Associates Pty Ltd. 2012. Mineral Resource Estimate Solwara Project, Bismarck Sea, PNG.
Technical Report compiled under NI43101. http://www.nautilusminerals.com/i/pdf/SL01-NSG-DEVRPT-7020-001_Rev_1_Golder_Resource_Report.pdf

Genetic Differentiation of Populations of a Hydrothermal Vent-Endemic Gastropod, Ifremeria nautilei, between the North Fiji Basin and the Manus Basin revealed by Nucleotide Sequences of Mitochondrial DNA

Nautilus’ Annual Information Form (AIF) dated March 28, 2014 contains the following cautionary disclosure under the section entitled “Risk Factors” (page 52) (capitalized terms are defined in the AIF, which

31

32

47

48

145

|

Analysis IV

Environmental and Social Benchmarking Analysis

is available at www.sedar.com): “No pre-feasibility study or feasibility study. Nautilus does not intend to
complete a pre-feasibility study or feasibility study or define a large, long life resource or reserve before
proceeding with the construction of equipment and commencement of production at the Solwara 1 Project.
Management considers the Company’s best interests would be served by first demonstrating that existing
offshore technologies could be adapted to cut and recover high grade seafloor massive sulphides from the
deep ocean. Furthermore, the cost estimates in the Cost Study are not current as of the date of the Technical Report, the Solwara 1 and 12 Report or this AIF and should not be relied on as reflecting the current
costs associated with Nautilus’ present production plans. The Technical Report and the Solwara 1 and 12 Report do not update the cost estimates in the Cost Study. Accordingly, no independent Qualified Person has
confirmed the amount of these costs or recommended that these costs be incurred. There is significant risk
with this approach and no assurance can be given that the proposed production at the Solwara 1 deposit
will successfully demonstrate that seafloor resource development is commercially viable.”
49

Information obtained from interviews with Nautilus management.

The Nautilus Minerals Inc. Solwara 1 Project

Myers, N., Mittermeier, R.A., Mittermeier, C.G., da Fonseca, G. A. B., Kent, J. 2000. Biodiversity
hotspots for conservation priorities. Nature 403 (335) 853-858.

146

OZ Minerals, 2014. Annual Resource and Reserve Update for Prominent Hill. Available at: http://www.
ozminerals.com/Media/docs/ASX-20141120-ProminentHillRourcesandReservesUpdate-1c8b9ee0-5e97-4
c33-ac10-3b0ff77c930a-0.pdf (retrieved April 2015).
Coffee Natural Systems, 2008. Environmental Impact Statement. Nautilus Minerals Niugini Limited.
Solwara 1 Project.
61

Coffee Natural Systems, 2008. Environmental Impact Statement. Nautilus Minerals Niugini Limited.
Solwara 1 Project.
62

OZ Minerals, 2009. Prominent Hill Copper-Gold Project, Mining Lease 6228, Mining and Rehabilitation Program 2009, Executive Summary. “Summary of residual risk impact assessments” table (pg. 22).
Available at: https://sarigbasis.pir.sa.gov.au/WebtopEw/ws/samref/sarig1/image/DDD/Env11195-V09_
R200900455 (retrieved April 2015).
63

50

51

|

60

64

JICA/MMAJ. 1998. Informe final sobre la expolracion mineral de cooperacion tencinca en el area de
imbaoeste, Republica del Ecuador.

Analysis IV

Rio Tinto, 2015. Kennecott Website. http://www.kennecott.com (retrieved April 9, 2015).

Environmental Protection Agency. 2002. Superfund Record of Decision, Kennecott North Zone. EPA I.D.
UTD070926811. Available at: http://www.epa.gov/superfund/sites/rods/fulltext/r0802610.pdf (retrieved
April 9, 2015).
65

JICA/MMAJ. 1998. Informe final sobre la exploracion mineral de cooperacion tecnica en el area de
Imbaoeste, Republica del Ecuador.
66

Kocian, M., Batker, D., Harrison-Cox, J. 2011. An Ecological Study of Ecuador’s Intag region: the Environmental Impacts and Potential Rewards of Mining. Earth Economics, Tacoma, WA. Accessed on 3.26.15 at
http://www.eartheconomics.org/FileLibrary/file/Reports/Final%20Intag%20Report_lo_res.pdf

52

Los Apos webpage. The world’s deepest, biggest and deadliest open pit mines. Available at: http://
www.losapos.com/openpitmines (retrieved April 2015).

Kocian, M., Batker, D., Harrison-Cox, J. 2011. An Ecological Study of Ecuador’s Intag Region: The Environmental Impacts and Potential Rewards of Mining. Earth Economics, Tacoma, WA. Available at: http://
www.eartheconomics.org/FileLibrary/file/Reports/Final%20Intag%20Report_lo_res.pdf (retrieved March
15, 2015).

Rio Tinto Kennecott webpage. Economy. Available at: http://www.kennecott.com/economy (retrieved
April 2015).

Thurber, A. R., A. K. Sweetman, B. E. Narayanaswamy, D. O. B. Jones, J. Ingels, and R. L. Hansman. 2014.
Ecosystem Function and Services Provided by the Deep Sea. Biogeosciences 11, 3941-3963.

Rio Tinto, 2013. Annual Report. Available at: http://www.riotinto.com/annualreport2013/performance/copper.html

OZ Minerals, 2009. Prominent Hill Copper-Gold Project, Mining Lease 6228, Mining and Rehabilitation Program 2009, Executive Summary. “Summary of residual risk impact assessments” table (pg. 22).
Available at: https://sarigbasis.pir.sa.gov.au/WebtopEw/ws/samref/sarig1/image/DDD/Env11195-V09_
R200900455 (retrieved April 2015).

53

54

55

Rio Tinto Kennecott webpage. Economy. Available at: http://www.kennecott.com/economy (retrieved
April 2015).
56

Earthworks, 2012. U.S. Copper Porphyry Mines: The track record of water quality impacts resulting
from pipeline spills, tailings failures and water collection and treatment failures. Available at: http://
www.patagoniaalliance.org/wp-content/uploads/2013/12/Porphyry_Copper_Mines_Track_Record_-_8-2012-1.pdf (retrieved April 2015).
57

Earthworks, 2012. U.S. Copper Porphyry Mines: The track record of water quality impacts resulting
from pipeline spills, tailings failures and water collection and treatment failures. Available at: http://
www.patagoniaalliance.org/wp-content/uploads/2013/12/Porphyry_Copper_Mines_Track_Record_-_8-2012-1.pdf (retrieved April 2015).
58

Earthworks, 2011. Problems with Bingham Canyon Mine. Available at: http://www.earthworksaction.
org/files/publications/FS_Problems_BinghamCanyon_2011_low.pdf (retrieved April 2015).
59

67

68

69

70

Rio Tinto, 2015. Kennecott Website. http://www.kennecott.com (retrieved April 9, 2015).

Environmental Protection Agency. 2002. Superfund Record of Decision, Kennecott North Zone. EPA I.D.
UTD070926811. Available at: http://www.epa.gov/superfund/sites/rods/fulltext/r0802610.pdf (retrieved
April 9, 2015).
71

JICA/MMAJ. 1998. Informe final sobre la exploracion mineral de cooperacion tecnica en el area de
Imbaoeste, Republica del Ecuador.
72

Kocian, M., Batker, D., Harrison-Cox, J. 2011. An Ecological Study of Ecuador’s Intag Region: The Environmental Impacts and Potential Rewards of Mining. Earth Economics, Tacoma, WA. Available at: http://www.
eartheconomics.org/FileLibrary/file/Reports/Final%20Intag%20Report_lo_res.pdf (retrieved March 15, 2015).

73

147

|

Analysis IV

Environmental and Social Benchmarking Analysis

The Nautilus Minerals Inc. Solwara 1 Project

Analysis IV

|

148

74

Coffee Natural Systems, 2008. Environmental Impact Statement. Nautilus Minerals Niugini Limited.
Solwara 1 Project.

OZ Minerals, 2013. Sustainability Report. Available at: http://www.ozminerals.com/Media/docs/ozmsust-report-2013-web-58f4019a-8124-4b0a-8378-da6f241e45ab-0.pdf , on page 35

Golder Associates Pty Ltd. 2012. Mineral Resource Estimate Solwara Project, Bismarck Sea, PNG.
Technical Report compiled under NI43101. http://www.nautilusminerals.com/i/pdf/SL01-NSG-DEVRPT-7020-001_Rev_1_Golder_Resource_Report.pdf

OZ Minerals, 2013. Sustainability Report. Available at: http://www.ozminerals.com/Media/docs/ozmsust-report-2013-web-58f4019a-8124-4b0a-8378-da6f241e45ab-0.pdf, page 32

75

Earthworks, 2012. U.S. Copper Porphyry Mines: The track record of water quality impacts resulting from pipeline
spills, tailings failures and water collection and treatment failures. Available at: http://www.patagoniaalliance.org/
wp-content/uploads/2013/12/Porphyry_Copper_Mines_Track_Record_-_8-2012-1.pdf (retrieved April 2015).

76

77
78

Information obtained from interviews with Nautilus management.
Information obtained from interviews with Nautilus management.

Heber, 2013. Second landslide hits Rio’s Bingham Canyon mine, 100 workers evacuated. Available at:
http://www.ferret.com.au/articles/news/second-landslide-hits-rios-bingham-canyon-mine-100-workers-evacuated-n2508529 (retrieved April 2015).
79

Coffee Natural Systems, 2008. Environmental Impact Statement. Nautilus Minerals Niugini Limited.
Solwara 1 Project.
80

90

91

OZ Minerals, 2013. Sustainability Report. Available at: http://www.ozminerals.com/Media/docs/ozmsust-report-2013-web-58f4019a-8124-4b0a-8378-da6f241e45ab-0.pdf, page 32
92

OZ Minerals, 2013. Sustainability Report. Available at: http://www.ozminerals.com/Media/docs/ozmsust-report-2013-web-58f4019a-8124-4b0a-8378-da6f241e45ab-0.pdf, page 35
93

OZ Minerals, 2013. Sustainability Report. Available at: http://www.ozminerals.com/Media/docs/ozmsust-report-2013-web-58f4019a-8124-4b0a-8378-da6f241e45ab-0.pdf, page 36
94

Rio Tinto, 2013. Annual Report. Available at: http://www.riotinto.com/annualreport2013/performance/copper.html
95

Rio Tinto Kennecott, 2015. “Economy” webpage. Available at: http://www.kennecott.com/economy
(retrieved April 2015)
96

81

Coffee Natural Systems, 2008. Environmental Impact Statement. Nautilus Minerals Niugini Limited.
Solwara 1 Project.

Rio Tinto Kennecott, 2013. Sustainable Development Report. Available at: http://2013sdreport.riotintokennecott.com/ , “Environmental Stewardship” section, “Scorecard” subsection, “Freshwater Consumption” Tab

82

Buck & St. Clair, 2012. Aspen Increase Soil Moisture, Nutrients, Organic Matter and Respiration in
Rocky Mountain Forest Communities. National Institutes of Health. Available at: http://www.ncbi.nlm.
nih.gov/pmc/articles/PMC3524093/

Rio Tinto Kennecott, 2013. Sustainable Development Report. Available at: http://2013sdreport.riotintokennecott.com/ , “Environmental Stewardship” section, “Scorecard” subsection, “Freshwater Consumption” Tab

Coffee Natural Systems, 2008. Environmental Impact Statement. Nautilus Minerals Niugini Limited.
Solwara 1 Project.

Rio Tinto Kennecott, 2013. Sustainable Development Report. Available at: http://2013sdreport.riotintokennecott.com/ , “Environmental Stewardship” section, “Scorecard” subsection, “Greenhouse Gas
Emissions” Tab

83

84

Information obtained from interviews with Nautilus management.

97

98

99

Rio Tinto Kennecott, 2013. Sustainable Development Report. Available at: http://2013sdreport.riotintokennecott.com/ , “Environmental Stewardship” section, “Scorecard” subsection, “Waste Generation” Tab
100

85

Information obtained from interviews with Nautilus management.

Golder Associates Pty Ltd. 2012. Mineral Resource Estimate Solwara Project, Bismarck Sea, PNG.
Technical Report compiled under NI43101. http://www.nautilusminerals.com/i/pdf/SL01-NSG-DEVRPT-7020-001_Rev_1_Golder_Resource_Report.pdf
86

Rio Tinto Kennecott, 2013. Sustainable Development Report. Available at: http://2013sdreport.riotintokennecott.com/ , “Environmental Stewardship” section, “Scorecard” subsection, “Land Use” Tab
101

Earth Economics, 2011. Junin Resource Scoping Level Study. Estimates produced by mining expert for
Earth Economics.

102

Golder Associates Pty Ltd. 2012. Mineral Resource Estimate Solwara Project, Bismarck Sea, PNG.
Technical Report compiled under NI43101. http://www.nautilusminerals.com/i/pdf/SL01-NSG-DEVRPT-7020-001_Rev_1_Golder_Resource_Report.pdf
87

OZ Minerals, 2013. Sustainability Report. Available at: http://www.ozminerals.com/2013-sustainability-report/Sustainability/Company_overview/prominent_hill.htm
88

OZ Minerals, 2013. Prominent Hill Reserves and Resources and Production Outlook. Available at:
http://www.ozminerals.com/Media/docs/ASX-131211-Prominent-Hill-Reserves-and-Resources-Statement-and-Production-Outlook-bb2a4128-adc9-42d2-97df-7a444cc72845-0.pdf (retrieved April 2014).
89

Earth Economics, 2011. Junin Resource Scoping Level Study. Estimates produced by mining expert for
Earth Economics.

103

A mine plan was not available for the proposed Intag mine at the time of these calculations. Therefore, the mineral waste produced by Intag was assumed to be proportional to that produced by Bingham
Canyon mine per metric of copper, given that both mines contain copper ore in the range of 0.7%.

104

105

A mine plan was not available for the proposed Intag mine at the time of these calculations. There-

149

| Analysis IV

Environmental and Social Benchmarking Analysis

The Nautilus Minerals Inc. Solwara 1 Project

fore, the area of disturbance due to Intag was assumed to be proportional to that produced by Bingham
Canyon mine per metric of copper, given that both mines contain copper ore in the range of 0.7%.

121

Singh, M.M., 2010. Water Consumption at Copper Mines in Arizona. State of Arizona Department of
Mines & Mineral Resources. Special Report 29. Available at: http://www.patagoniaalliance.org/wp-content/uploads/2014/08/Water-Consumption-at-Copper-Mines-in-Arizona.pdf (retrieved April 2015)

122

Information obtained from interviews with Nautilus management.

123

Information obtained from interviews with Nautilus management.

106

Singh, M.M., 2010. Water Consumption at Copper Mines in Arizona. State of Arizona Department of
Mines & Mineral Resources. Special Report 29. Available at: http://www.patagoniaalliance.org/wp-content/uploads/2014/08/Water-Consumption-at-Copper-Mines-in-Arizona.pdf (retrieved April 2015)

107

108

Information obtained from interviews with Nautilus management.

109

Information obtained from interviews with Nautilus management.

110

Information obtained from interviews with Nautilus management.

Energy Use in the Copper Industry. Available at: http://www.princeton.edu/~ota/
disk2/1988/8808/880809.PDF (retrieved April 2015).

111

112

Information obtained from interviews with Nautilus management.

Environmental Protection Agency, 1994. Mining Industry Profile: Copper. Available at: http://www.epa.
gov/osw/nonhaz/industrial/special/mining/techdocs/copper.htm (retrieved April 2015).

113

Coffee Natural Systems, 2008. Environmental Impact Statement. Nautilus Minerals Niugini Limited.
Solwara 1 Project.

Analysis IV

|

150

USGS, 2003. Map and table of world copper smelters. Available at: http://pubs.usgs.gov/of/2003/
of03-075/ (retrieved April 2015).

Willis, A, and O. Medina. Jan. 9, 2014. Colombia Bans Coal Loading by 2nd Biggest producer Drummond. Bloomberg News. Accessed on 3.26.15 at: http://www.bloomberg.com/news/2014-01-08/drummond-s-coal-loading-halted-as-colombia-pulls-port-license.html.

124

Outotec, 2013. Smelting News: New Outotec Flash Smelting and Kennecott-Outotec Flash Converting
process started up in Tongling, China. Available at: http://www.outotec.com/imagevaultfiles/id_1319/
cf_2/smelting_news_2013-2_web.pdf (retrieved May 2015).

125

126

Information obtained from interviews with Nautilus management.

Radivojevic, Miljana. 2010. On the Origins of Extractive Metallurgy: New Evidence from Europe. Journal of Archaeological Science 37, 2775-2787.
127

128

Information obtained from interviews with Nautilus management.

129

Information obtained from interviews with Nautilus management.

130

Information obtained from interviews with Nautilus management.

131

Information obtained from interviews with Nautilus management.

114

Golder Associates Pty Ltd. 2012. Mineral Resource Estimate Solwara Project, Bismarck Sea, PNG.
Technical Report compiled under NI43101. http://www.nautilusminerals.com/i/pdf/SL01-NSG-DEVRPT-7020-001_Rev_1_Golder_Resource_Report.pdf

115

Earthworks, 2012. U.S. Copper Porphyry Mines: The track record of water quality impacts resulting
from pipeline spills, tailings failures and water collection and treatment failures. Available at: http://
www.patagoniaalliance.org/wp-content/uploads/2013/12/Porphyry_Copper_Mines_Track_Record_-_8-2012-1.pdf (retrieved April 2015).

116

Reuters March 25, 2015. Chile’s Copper Miners Hit By Heavy Rains. http://finance.yahoo.com/news/
factbox-chiles-copper-miners-hit-033100172.html.
132

Oz Minerals. 2015. Prominent Hill. http://www.ozminerals.com/Operations/Prominent-Hill.html (accessed April 9, 2015).
133

Perlich, P.S., 2012. Bureau of Economic and Business Research, University of Utah. http://www.kennecott.com/economy#acc-head-0 Accessed on April 9, 2015.

134

Golder Associates Pty Ltd. 2012. Mineral Resource Estimate Solwara Project, Bismarck Sea, PNG.
Technical Report compiled under NI43101. http://www.nautilusminerals.com/i/pdf/SL01-NSG-DEVRPT-7020-001_Rev_1_Golder_Resource_Report.pdf

135

Hettler, J. Irion, G., Lehmann, B., 1997. Environmental impact of mining waste disposal on a tropical
lowland river system: a case study on the Ok Tedi Mine, Papua New Guinea.

117

Coumans, C. 2002. Case Study on Marcopper Mining and the Marinduque Disaster. Mines and Communities. Accessed on 3.26.15 at: http://www.minesandcommunities.org/article.php?a=1445

118

Arrow, Kenneth J., Maureen L. Cropper, Christian Gollier, Ben Groom, Geoffrey M. Heal, Richard G.
Newell, William D. Nordhaus, Robert S. Pindyck, William A. Pizer, Paul R. Portney, Thomas Sterner, Richard S. J. Tol, and Martin L. Weitzman. 2014. “Should Governments Use a Declining Discount Rate in Project Analysis?” Rev Environ Econ Policy 8: 145-163.

119

International Copper Study Group. 2013. The World Copper Factbook 2013. Accessed on 3.26.15 at
http://www.icsg.org/index.php/component/jdownloads/finish/170/1188.

120

Greenpeace. July 2013. Deep Sea Mining: An Urgent Wake-up Call to Protect Our Oceans. Greenpeace
International, Amsterdam.

136

International Copper Study Group. 2013. The World Copper Factbook 2013. Accessed on 3.26.15 at:
http://www.icsg.org/index.php/component/jdownloads/finish/170/1188

137

Glöser, Simon, Marcel Soulier, and Luis A. Tercero Espinoza. 2013. Dynamic Analysis of Global Copper
Flows. Global Stocks, Postconsumer Material Flows, Recycling Indicators, and Uncertainty Evaluation.
Environmental Science & Technology 47(12), 6564-6572.

138

151

| Analysis IV

Environmental and Social Benchmarking Analysis

International Copper Study Group. 2013. The World Copper Factbook 2013. Accessed on 3.26.15 at
http://www.icsg.org/index.php/component/jdownloads/finish/170/1188.

The Nautilus Minerals Inc. Solwara 1 Project

Analysis IV

|

152

139

Glöser, Simon, Marcel Soulier, and Luis A. Tercero Espinoza. 2013. Dynamic Analysis of Global Copper
Flows. Global Stocks, Postconsumer Material Flows, Recycling Indicators, and Uncertainty Evaluation.
Environmental Science & Technology 47(12), 6564-6572.

140

141

Copper Alliance. 2013. Copper Recycling. Working paper. International Copper Association, New York.

142

Copper Alliance. 2013. Copper Recycling. Working paper. International Copper Association, New York.

International Copper Study Group. 2013. The World Copper Factbook 2013. Accessed on 3.26.15 at
http://www.icsg.org/index.php/component/jdownloads/finish/170/1188.

143

http://www.icsg.org/index.php/component/jdownloads/finish/170/1188.
Environmental Protection Agency, 2014. ASARCO/ EL Paso County Metals Site. Available at: http://
www.epa.gov/region6/region-6/tx/tx_asarco_el_paso.html

155

Texas Comission on Environmental Quality: ASARCO Site, El Paso, Texas, 2014. Accessed 3.26.15. Available at: https://www.tceq.texas.gov/remediation/sites/asarco/asarco

156

National Institutes of Health, 2007. Contested Science and Exposed Workers: ASARCO and the Occupational Standard for Inorganic Arsenic. Available at: http://www.ncbi.nlm.nih.gov/pmc/articles/
PMC1888505/

157

Washington State Department of Ecology, 2015. Everett and Tacoma Smelter Search. Accessed
3.26.15. Available at: https://fortress.wa.gov/ecy/smeltersearch/

158

Wang, X., Behabtu, N., Young, C. C., Tsentalovich, D. E., Pasquali, M. and Kono, J. 2014. High-Ampacity Power Cables of Tightly-Packed and Aligned Carbon Nanotubes. Advanced Functional Materials,
24, 3241–3249.

144

King County Public Health, 2000. Findings from Soil Sampling of Vashon-Maury Island Soil Study. Available at: http://www.kingcounty.gov/healthservices/health/ehs/toxic/SoilSamples.aspx

159

Wang, X., Behabtu, N., Young, C. C., Tsentalovich, D. E., Pasquali, M. and Kono, J. (2014), High-Ampacity Power Cables of Tightly-Packed and Aligned Carbon Nanotubes. Advanced Functional Materials,
24, 3241–3249.

160

BCC Research. 2014. Global Markets for Nanocomposites, Nanoparticles, Nanoclays, and Nanotubes.
Accessed on 3.26.14 at http://www.bccresearch.com/market-research/nanotechnology/nanoco mposites-market-nan021f.html.

161

145

146

PA. 2012. Frequent Questions | ECycling.” . Accessed on 3.26.15 at http://www.epa.gov/osw/conserve/materials/ecycling/faq.htm

147

148

Anyadike, Nnamdi. 2002. Copper: A Material for the New Millennium. Woodhead Cambridge, Eng.

The Fiber Optic Association. 2002. “Copper or Fiber? What’s the Real Story for Communications Cabling?” Guide to Fiber Optics & Premises Cabling. Accessed on 3.26.15 at http://www.thefoa.org/tech/
fo-or-cu.htm.
149

United States Environmental Protection Agency, 2014. ASARCO Smelter Site Frequently Asked Questions.
Available at: http://yosemite.epa.gov/R10/CLEANUP.NSF/0/42F998F5D6993421882575DD007C700C?OpenDocument

Illinois Environmental protection Agency, 2011. Chemetco, Inc. Available at: http://www.epa.illinois.
gov/topics/community-relations/sites/chemetco/index
Illinois Environmental protection Agency, 2011. Chemetco, Inc. Fact Sheet #1. Available at: http://
www.epa.illinois.gov/topics/community-relations/sites/chemetco/fact-sheet-1/index

162

United States Environmental Protection Agency, 2014. Case Summary: settlement reached at the
Chemetco Superfund Site. Available at: http://www2.epa.gov/enforcement/case-summary-settlement-reached-chemetco-superfund-site

163

United States Environmental Protection Agency, 2014. Chemetco-Background. Available at: http://
www.epa.gov/region05/cleanup/chemetco/

164

BCC Research. 2014. Global Markets for Nanocomposites, Nanoparticles, Nanoclays, and Nanotubes.
Accessed on 3.26.14 at http://www.bccresearch.com/market-research/nanotechnology/nanocomposites-market-nan021f.html

165

151

Kundig, Konrad J.A., and BFF Associates. 2011. Current and Projected Wind and Solar Renewable Electric
Generating Capacity and Resulting Copper Demand. Tech. Copper Development Association, New York.
Accessed on 3.26.15 at http://www.copper.org/about/pressreleases/pdfs/wind_solar_study.pdf

International Labor Organization, 2008. Rapid assessment of child labour in non-traditional mining sector in
Zambia. Available at: http://www.ilo.org/ipecinfo/product/download.do;jsessionid=afe1caecc9778bb3e98ff0aad6c9f6890f7f5ffaeb3da0bbdcf4b4e4f002e17e.e3aTbhuLbNmSe3qMb40?type=document&id=13633

152

International Copper Study Group. 2013. The World Copper Factbook 2013. Accessed on 3.26.15 at
http://www.icsg.org/index.php/component/jdownloads/finish/170/1188.

167

International Copper Study Group. 2013. The World Copper Factbook 2013. Accessed on 3.26.15 at
http://www.icsg.org/index.php/component/jdownloads/finish/170/1188.

168

150

153

154

International Copper Study Group. 2013. The World Copper Factbook 2013. Accessed on 3.26.15 at

Berkeley Mineral Resources PLC, 2015. The Kabwe Minehttp://www.bmrplc.com/lead-and-zinc/
kabwe-mine/

166

Coumans, Catherine. Placer Dome Case Study: Marcopper Mines . Available at: http://www.miningwatch.
ca/sites/www.miningwatch.ca/files/PD_Case_Study_Marcopper_0.pdf (page 1)

Polytechnic University of the Phillipines, 2014. Current Biological and Social Status Of Marcopper Mining Tragedy in Marinduque. Available at: http://www.academia.edu/3766077/Current_Biological_and_
Social_Status_Of_Marcopper_Mining_Tragedy_in_Marinduque (page 3)

153

|

Analysis IV

Environmental and Social Benchmarking Analysis

Preda Foundation, 2012. Marcopper Mining Disasterhttp://www.preda.org/news/world/marcopper-mining-disaster/

169

170

Ibid Coumans, page 2

Blacksmith Institute, 2015. Kabwe Environmental Rehabilitation Foundationhttp://www.blacksmithinstitute.org/projects/display/18

171

172

Ibid, Berkeley

173

Ibid, Blacksmith Institute

BBC, 2014. Mexico’s Sonora state reports new mine spillhttp://www.bbc.com/news/world-latin-america-29306026
174

Al Jazeera, 2014. Water Woes Keep Flowing in Mexico’s Sonora. Available at: http://www.aljazeera.
com/indepth/features/2014/09/water-woes-keep-flowing-mexico-sonora-2014928111327685414.html

175

Bloomberg, 2014. Farmers Stung Twice by Grupo Mexico Spill Fouling Watershttp://www.bloomberg.
com/news/articles/2014-09-30/farmers-stung-twice-by-grupo-mexico-spill-fouling-waters

176

