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Strategic Materials (STRATMAT) 2016
ABSTRACT: Strategic Materials (STRATMAT) are the tangible foundation of virtually
every industry, both security and private sector-based, supporting the United States. Simply
stated, one cannot obtain weapons, warships, or aircraft, or most of our modern electronic
conveniences, without first extracting raw materials from the earth. Assured access to these
materials is critical to the continued security of the nation. This report identifies challenges
and opportunities related to the supply chain for strategic materials and provides
recommendations, such as limited government reform and mutually supportive agreements
with allied partners, to ensure continued access for the foreseeable future.
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Introduction
“My fear is that a lack of attention to and understanding of critical materials will limit
our prosperity and undermine our environment.”
- David S. Abraham 1
Purpose
The 2015 National Security Strategy (NSS) states that in order for the United
States (U.S.) to continue leading the world in global prosperity, we must “shape an
emerging global economic order that continues to reflect our interests and values.” 2 To
properly “shape” this future environment, it is critical to understand the industries
involved in today’s globalized marketplace and how they contribute to economic
progress. This report analyzes the various industries involved with strategic materials to
determine their context and relationship to national security.
In their most basic form, strategic materials are minerals taken from the earth;
containing elements from the periodic table that play a critical role in our everyday lives.
From the cars we drive to the smartphones or tablets we use to the military systems that
protect our nation, the information and technology-laden age of today creates heavy
demand for a wide variety of metals and minerals. As just one example, the typical
automobile today contains as many as 39 different non-fuel minerals in various
components. 3 More importantly for this study, similar examples exist across the spectrum
of high-end weaponry needed for national defense.
Firms that extract many of these materials and the technologies required for
processing them are no longer resident domestically, primarily due to economics. This
makes the United States dependent on foreign sources for the majority of these critical
supply chain inputs. This report addresses whether this dependency represents a
significant national security concern and, if so, what aspects of the supply chain include
the greatest risks.
Methodology
Between January and May 2016, the STRATMAT team of the Eisenhower School
met with domestic and international government and industry representatives; conducted
an extensive literature review; and analyzed a variety of issues related to strategic
materials. This report provides a synthesis of our collective research, experiences and
observations.
Organization and Summary of Findings
The report begins with a definition of “strategic” and “critical” materials, noting
the complexity involved in choosing a single definition from the multiple, competing
definitions currently in use across government and industry. From there, the report
summarizes the team’s findings related to three overarching topic areas including market
dynamics and domestic issues; national security concerns, and government involvement.
More specifically, the discussion of market dynamics and domestic challenges provides
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an overview of the global mining industry and commodity markets; identifies factors that
influence the costs of mining and gives some nations a competitive advantage in the
marketplace; and provides insights on the state of U.S. education related to science and
technology and its effects on the capacity of the U.S. workforce to support a domestic
mining industry. The topic of national security and STRATMAT includes an overview of
the value chains for strategic materials; followed by an analysis of supply chain risks and
disruption. After providing a case study related to China and disruption of the supply
chain for rare earth elements (REE), this section ends with a detailed look at U.S.
dependency on Chinese imports of strategic materials. Finally, the government
involvement section examines the lack of a unified approach within the government to
the strategic materials supply chain; discusses the complexity of permitting and
environmental regulations governing the mining industry, and addresses domestic and
international opportunities for the United States that would mitigate potential supply
chain disruptions. The report concludes with a summary of our overall observations. Four
appendices provide greater detail on some of the topics discussed in the report, including
classification of strategic and critical materials across government agencies; a review of
global, non-fuel, mining and mineral deposits; a figure of the periodic table identifying
the REEs specifically, and an in-depth look at one potential area for innovation in the
future – Mining Space.
The ultimate result of our study, provided under the policy recommendations
section, is the identification of four measures the United States should take to mitigate the
risk of future supply disruptions for strategic materials. First, the United States
government (USG) should seek streamlined policies and whole-of-government solutions
that realize efficiencies in materials requirements, improve permitting timelines and
improve research and development (R&D) focus on the domestic industry. Second,
targeted incentives and advocacy to increase strategic materials-related higher education
degrees as well as vocational careers would secure a U.S. position as a leader in the
human capital element of the industry. Third, the USG should pursue acquisition reform
that better incentivizes the defense industrial base to assist in the assured access of critical
material supply. Lastly, the USG should make efficient use of allied partnerships and
secure access to strategic materials as a hedge against an uncertain future that is certain at
some point to jeopardize existing supply chain process and material flow.

7

Strategic Materials Industry Definition
Initially, the STRATMAT team focused on the processes involved in identifying
deposits and extracting raw materials (e.g., non-fuel rocks and minerals). The team
explored the relationship of national security, the geographic location of material
deposits, and the mining industry in depth. After only a short period, it became readily
apparent that the supply chain for strategic materials encompasses a much broader set of
steps than simply ore extraction (Figure 1). Once mined, a raw material typically goes
through value-adding processing to make the constituent minerals more useful to the end
user. These processes include beneficiation (process to produce a higher concentration of
metal ore or oxide), smelting (melting the ore to produce higher concentrations or pure
metal), and alloying (combining multiple distinct metals to enhance the basic product). It
is important to recognize that a mineral’s value to the USG is dependent on what form the
mineral must be in to be useful to the end user. For example, the rare earth element
(REE) neodymium is not very useful as an ore or concentrate but is highly desirable
when combined with iron and boron to create a neodymium-iron-boron magnet used in
modern electronics.
Further, defining what makes a material “strategic” or “critical” is challenging; no
standardized U.S. government definition exists, and different agencies use different
approaches to make this determination. The result is multiple, often competing
definitions and subsequent conflicting recommendations relative to which materials
represent concerns for the United States (as summarized in Appendix A). Because these
definitions should frame our thinking about strategic materials and national security, the
team ultimately selected the definition set forth in the 2011 National Defense
Authorization Act (NDAA) as the basis for the analyses in this report:
“Strategic materials are non-fuel materials (A) upon which the production or
sustainment of military (or other national security) equipment is dependent; and
(B) the supply of which could be restricted by actions or events outside the control
of the Government of the United States.” 4

Figure 1 – Strategic Materials Industry Cycle 5

8

Market Dynamics and Domestic Challenges
Our studies identified several markets involved in strategic materials, each tied to
a key part of the supply chain. The majority of our effort during the term focused on
extraction and the challenges faced by the mining industry. This section synthesizes our
collective observations about the global mining industry, the economics of mining, and
challenges currently facing the United States domestic mining industry, with particular
emphasis on the education sector.

Mining Industry Analytics
This industry study examined the global availability of mineral commodities and
processed materials, with particular focus on copper (as a representative base metal) and
REEs. Specific to this study, strategic materials are produced from the interaction of the
mining, metals, and manufacturing industries. The mining industry extracts raw materials
from the ground. The metals industry separates metallic elements from ores, turning them
into manufacturing inputs such as specialty alloys. Finally, the manufacturing industry
fabricates or casts metals into specific components. Some companies are vertically
integrated across industries, as they produce ore, metals, and semi-fabricated products,
while others focus on single industries such as mining. Within the strategic materials
process, each material is extracted and processed through a combination of multinational
companies, state-owned enterprises (SOE), and artisanal mining companies, which
complicates any single market analysis. Accordingly, this market analysis will focus
specifically on mining in order to better understand the beginning of the value chain for
strategic materials.
Within the competitive spectrum (Figure 2), the market for materials, such as the
base metals are in almost perfect competition. The materials naturally exist throughout
the globe and companies enter and exit this market on a regular basis with very little
impact on price; moreover, a number of these companies have complete vertical
integration from extraction to processing. Conversely, while REEs are globally abundant,
extraction and processing are very expensive, which creates a very high barrier to entry.
Currently, China is the global leader in REE processing and this processing is the only
means by which to produce a final raw material usable for manufacturing.

Figure 2: Market Structures 6
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Overall, many industries associated with strategic materials are in an economic
downturn due to low commodity prices, which are a result of slowing global growth.
Mineral prices are intrinsically linked to growth, particularly in developing nations as the
construction and manufacturing industries are the driving forces behind the demand for
raw material. Across the board, mineral prices began to rapidly increase in 2005, mostly
due to the accelerated rise of China. There was a slight drop in prices in 2009 in response
to the global recession but, by 2010, prices were spiking at unprecedented levels. These
price spikes led to healthy cash flows and increased profit margins. 7
This rapid growth and profitability encouraged entrance into the mining industry
as the commodity prices now made a number of exploration projects economically
viable. It also encouraged a number of the major companies to initiate multi-year capital
expenditure projects within their existing extraction and processing facilities. Across the
companies that were studied, long term debt financing was used extensively in the 20122013 timeframe to initiate these capital projects. While financing of capital expenditures
normally adds long-term value to a company, prices started to sag in 2014 and then
declined rapidly in 2015 negating this effect. This sharp and unexpected, decline created
a major downturn and left the industry significantly leveraged with limited means to pay
for their capital projects. While the accepted debt ratio is 2 percent for the mining
industry, which is much higher than other industries, all of the companies studied are
above this ratio today. 8;9 As a result, mining companies are forced to reduce their
operating costs to manage their debt; in some cases, they have had to sell off portions of
their operations or put their facilities in care and maintenance.
Although mining strategies will vary greatly depending on the market and the
mineral, some commonalities do exist. Utilizing the Porter’s Five Forces model below, a
generalized picture of the factors affecting the industry begins to emerge.

Figure 3: Porter’s Five Forces Model 10
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Economics of Mining
As compared to the rest of the world and most notably China and Brazil, the
economics of mining in the United States are very unfavorable. Besides needing to obtain
the high upfront capital that all mining ventures require, mining companies in the United
States face significant additional costs, including higher wages and taxes, compliance
with high safety standards, and a lengthy and costly permitting and approval process.
Together, these costs put mining companies operating in the United States at a
competitive disadvantage compared to other parts of the world. In this section, the costs
associated with mining in the United States are compared to China, who is arguably the
dominant player in the mining industry today. 11
The Upfront Costs
Prior to the initiation of mining operations in the United States, mining companies
must navigate a complex permitting and approval process that may take more than 10
years to complete. Significant cost burdens placed on mine operators upfront during this
process include: costs of environmental studies, permitting fees, legal fees, and
administrative fees. Due to the difficulty and uncertainty of the process timeline or
outcome, and the potential for lawsuits or expensive mitigation measures, investors are
reluctant to invest, making it difficult to raise necessary capital. Further, the longer the
period from investment to payoff, the lower the present value of the investment (i.e. less
attractive to investors).
Mines in the United States must also set aside money (or purchase bonds) upfront
to pay for the reclamation of the site after the mine ceases operations. This is due to the
legacy of abandoned mines in the United States that now require government funding for
closure and/or cleanup. These costs may run into the hundreds of millions of dollars. 12
Chinese mines do not require reclamation payments, instead placing the burden back on
the Chinese government. 13, 14
Wages and Taxes
A Chinese miner makes an average of $154 per month compared to over $6,000
per month for a typical American miner. 15;16 Using this metric alone, a U.S. miner would
need to be roughly 40 times more productive than their Chinese counterpart to even out
the disparity in wages. Further, miners in the United States expect a benefits package to
include health care, disability insurance, and (often times) a pension plan. Mine
operators in China do not incur that expense. 17
In addition to the gross wage imbalance, a U.S. mine operator also incurs
significantly higher tax burdens. As an example, a corporation operating in China pays
roughly 25 percent in corporate taxes as compared to 39.2 percent in the United
States. 18;19 Combining wages, benefits, and comparative tax burdens, a U.S. mining
operation must now be over 50-60 times as productive as their Chinese competitor to
reach equivalency. While automation and best practices can make up some of this gap, it
cannot hope to close it entirely.
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Safety
Another glaring example of economic disparity between the United States and
Chinese mining is the cost to comply with safety regulations. Given a low safety
standard, Chinese miners are 117 times more likely to die in a mining-related accident
than their U.S. counterparts. 20 U.S. mining safety standards are among the strictest in the
world, resulting in dramatically lower rates of injury and mortality, but come with a high
price tag. Expensive safeguards such as toxic gas monitors, personal protective
equipment, escape shafts, and refuges significantly add to the operations and maintenance
costs of mining. 21 Additionally, dedicated safety personnel are another financial burden
on mine operators and add to the non-producing (but necessary) count of mine
employees.
Bottom Line
Even if all environmental, safety, and bureaucratic obstacles were removed from
the mining industry, U.S. mining companies would still have to deal with the
aforementioned effect of low commodity prices; a factor, which affects the global
industry. The compilation of these variables places hard rock mining in the United States
at a severe economic disadvantage in comparison to many other areas of the world. As
long as the current financial metrics exist, transportation costs remain low, and the
products are of comparable quality, there is little chance of the United States developing
a robust mining sector comparable to countries such as China.

Workforce Education
Risk exists to two distinct elements of the educational support of domestic
mining. First, due to aging demographics and a lack of federal research funding, college
mining engineering programs are at risk of wholesale closure. Second, a current shortage
of basic vocational-level skilled workers in the mineral extraction industry is causing cost
inflation and decreased productivity.
Throughout this survey of STRATMAT, industry and academic leaders expressed
concern over the lack of domestic undergraduate mining and materials engineering
programs. However, our analysis does not support that domestic graduation rates are
insufficient; but, instead points to the lack of USG research grants as strangling school’s
financial viability. Presently, there are 8,300 mining and geological engineers employed
in the United States. 22 The United States Department of Labor’s Bureau of Statistics
(BLS) estimates that from 2014 to 2024, the growth rate for new mining and geological
engineers will be six percent. 23 Concurrently, the expected growth in demand of materials
engineers is only one percent. 24 U.S. undergraduate mining engineering and metallurgical
schools can support these low growth rates but this support is contingent on their
continued offering of mining engineering programs. That, however, is not a certainty.
The replacement rate of professors and other faculty at U.S. mining schools is
lagging due to aging demographics within the current workforce and the tendency for
engineers with bachelor degrees to go to work rather than pursue a graduate degree. The
lack of value placed on graduate degrees by the United States mining industry is
marginalizing the primary driver to pursue graduate and postgraduate degrees and, in
turn, is slowly eliminating the number of programs offered. The impetus to pursue
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master’s and doctoral degrees in mining engineering for use in the United States is
typically in support of academic pursuits as opposed to commercial aspirations.
According to Dr. Rajive Ganguli, a Professor at the University of Alaska’s College of
Engineering and Mines, the closing of the United States Bureau of Mines (USBM) in
March of 1996 was an inflection point in U.S. mining higher education. Closure of
USBM resulted in a significant decrease in federal research grants for universities. 25
Since only a third of a college program’s revenue comes from tuition, this loss of federal
research funding had an immediate and negative effect on many mining engineering
programs’ ability to stay financially viable and as a result, many universities who relied
on research grants closed their programs. 26
Graduate and doctoral programs (and associated faculty) are needed to maintain
U.S. intellectual capital in mineral extraction. One panel of mining engineering experts
emphasizes that a sustained effort is needed to recapitalize the faculty of American
universities. 27 Federal funding and research grants should align with efforts to increase
participation in graduate-level programs in mining engineering, faculty retention and
career development, and appropriate postgraduate research funding. 28
Vocational Programs
From a vocational perspective, new approaches are needed to encourage the
development of a skilled vocational workforce in the United States. Job training,
scholarships, high school outreach, and public perception campaigns are needed to
reconstitute the country’s technically skilled workforce. Discussions with the minerals
extraction and manufacturing industry, academia, and professionals universally point to a
dearth in vocational skills in the United States workforce. The lack of quality mechanics,
electricians, and Computer Numerical Control (CNC) operators were specifically cited as
a concern across industry.
The United States Bureau of Labor and Statistics (BLS) predicts an average
growth rate for all occupations in the United States from 2014-2024 to be seven percent.
However, they project that Labor Industrial Machinery Mechanics, Machinery
Maintenance Workers, and Millwrights growth rates will be 16 percent, almost double
the national average. 29 This robust growth rate and the promise of higher salaries should
be enticing workers; however, this has not happened to date. This market failure is likely
in part due to negative public perception. One company this group visited described a
program in which the company partnered with a local high school to encourage
vocational work. The company officials described how they were rebuffed by parents
who were angry that their child was being offered a career path that did not include
college. This company was offering almost $20 an hour as a starting salary (along with
the promise of future raises), yet could not find enough individuals interested in their
program.
As Nicholas Wyman writes in Forbes, vocational training in high schools has
been curtailed in the United States as a cost-savings measure just at a time when the
country’s manufacturing base is in need of qualified (but advanced) vocational
technicians. 30 He asserts, though, that most technicians pursue further education later in
their career, obviating parents’ concern that vocational skills preclude a college degree.
Government policies that reverse funding reductions for vocational training in
high schools are needed. The White House reports that President Obama, through the
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Trade Adjustment Community College and Career Training (TACCCT) program, has
invested over $2 billion of federal funds in education and training programs based on
inputs from employers and industry. 31 This type of financial support, aligned with
industry’s needs, is necessary to reverse the trend of people dogmatically pursuing
college vice vocational training.
Efforts to counter the negative association with vocational training are more
complex. Countless editorials and opinion pieces have been written asserting a stigma
associated with high school vocational training and how our populace perceives that
participating students are not college worthy. In 2014, the Council of Chief State School
Officers (CCSSO) released a report outlining this stigma and strategies to counter these
biases. 32 State and federal policies meant to encourage vocational training should
consider employing similar strategies.
Higher education and a skilled workforce underpin the United States’
competitiveness across all industries, including mining. Unfortunately, budget cutbacks,
demographics, public perception, and a market failure between industry and academia
have contributed to an erosion of educational support to the mining industry.
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National Security and STRATMAT
The preceding section provided a good baseline understanding of mining market
dynamics and the challenges facing the U.S. mining industry. With this baseline, the
following section analyzes the complexity of strategic materials supply chains and how
significant dependence on any one country is a potential national security concern.

Value Chains and Security of Supply
Finished goods, such as weapons systems, sit at the end of a long “value chain.”
Industrial processes such as mining, metallurgical separation, semi-fabrication,
fabrication, and assembly add increasing value at each stage of the chain, ultimately
transforming raw materials into components of sophisticated military technologies. For
much of U.S. history, value chains have been domestically contained, inasmuch as the
mining, metals, and manufacturing industries were fixtures of the national economy.
Given the inherent security of this arrangement, the United States has largely been left to
principally worry about those raw inputs that it could not, for geological reasons, source
domestically. 33
However, with the globalization of trade, value chains have geographically
fragmented, a fact that greatly complicates the security of supply problem. Due to falling
transportation costs and other factors, much of the mining, metals, and manufacturing
industries once resident in the United States have displaced to Asia and elsewhere. For
the first time since the mercantilist period, the largest mineral consuming countries are
not the largest mineral producers. 34 In other words, while the “downstream” end of the
value chain – the finishing of goods, such as key weapons’ components - likely occurs in
the post-industrialized West, the “upstream” stage of production - the extraction of ores
and the separation and processing of metals - is now more likely to occur in Africa, South
America, or China.
This situation introduces significant potential risk. Inasmuch as mineral and metal
producing regions may be politically or socially unstable, the entire value chain is
vulnerable to disruption. Furthermore, in many cases, mining and metals industries
outside the United States are either state-owned enterprises or are otherwise heavily
influenced by national governments. 35 Because these operations are responsive to
political rather than market forces, or at least, responsive to political and market forces,
they may be used as geostrategic levers to counter U.S. interests and competitive
advantage.
For instance, by curtailing the production and supply of specific rare metals, state
producers can induce scarcity and artificially drive higher prices, thereby compelling U.S.
or European “downstream” stages of the value chain – with their respective technologies
– to relocate closer to state sources of upstream supply. 36 This example describes China’s
approach to rare earth elements, and it provides a credible explanation for why the nation
wants to gain tighter control on its currently unregulated, artisanal rare earth
production. 37 Of course, in times of conflict or war, it stands to reason that a belligerent
metal producer could just as easily turn off the spigot completely.
The vulnerability of non-domestic value chains is further complicated by modern
technology’s “material complexity.” 38 According to a recent paper on the subject, “A
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century ago, or even half a century ago, less than 12 materials were in wide use: wood,
brick, iron, copper, gold, silver, and a few plastics.” 39 Today, the most commonplace
technologies are drawn from a “rich materials pallet.” 40 For instance, a “computer chip ...
employs 60 different elements” of the periodic table, selected for their very specific
qualities and performance. 41 In practice, then, contemporary technologies have a wider
spectrum of supply vulnerability; in the case of the computer chip, for example, a
shortage of any of its 60 elements could substantively degrade performance.
In some cases – particularly with highly sophisticated technologies, including
those preferred by the U.S. military – the performance edge rests on only a few rare
metals that are used in small amounts, and which have no known substitutes. These rare
metals include heavy REEs, often used to make permanent magnets, and a number of
specialty metals, such as titanium, used to make high performance alloys. While these
metals are not necessarily rare in geological terms, they are often insufficiently
concentrated to make extraction economically viable.
The exception to the profitability problem is when rare metals are naturally
occurring within base metal deposits. 42 Because this geological good-fortune is
uncommon, the rare earths and specialty metals markets are often nearly monopolistic.
As a result, it is likely that many defense value chains are diamond shaped, often with a
single rare earth supplier on one end and single specialty manufacturer on the other. 43
Given the previously noted mercantilist trend, this single supplier may be a potentially
hostile or unstable government, an ally of such a government, or a small actor in a hostile
government’s backyard. 44
Making matters worse is a potential problem of declining supply inventories
among defense-related companies. In order to compete on price, businesses have sought
to reduce their production costs. In recent years, this situation has promoted “just-in-time
logistics,” a method of keeping inventory costs at a bare minimum. 45 With reduced inhouse stores, defense companies may be particularly vulnerable to short-term supply
shocks.

Supply Disruptions: A Rare Earth Elements Example
If one focuses on scarcity of supply, or supply disruption, as a component of
criticality for metals and minerals, then China’s recent involvement with REEs offers a
historical example of this variable's significance. REEs consist of 17 elements (reference
Appendix C), which despite their name are actually more abundant in the earth than gold
and silver. It is the low concentration of REEs in most deposits, which makes extraction
and refinement difficult and expensive, that gives these elements the designation of
‘rare.’ 46 The importance of REEs is attributable to the fact that, although only present in
small amounts, these minerals and metals are found in most current electronic devices
upon which the average citizen has become increasingly reliant. To further compound the
issue, there exists a near-monopoly on the extraction and refinement of REEs. Not only is
China the largest producer with nearly 95 percent of the supply, but they are also the
largest consumer at 60 percent of demand. Simply put, REEs, largely controlled by
China, are directly impacted by changes in Chinese production and export of the minerals
and associated refined products, which can result in unexpected supply constriction. 47

16

This type of effect was witnessed in 2010. During September of that year, China
abruptly issued a “de facto ban” on the export of REEs, specifically to Japan, following a
territorial dispute in the South China Sea. 48 While China denied that an actual ban
occurred, contracts with Japanese producers were cancelled and REE prices spiked; an
example being neodymium – an element critical to magnet production – which rose from
$30.24 per kilogram in 2007 to $340 per kilogram in 2011. 49 Considering vehicle
makers’ and electronic producers’ reliance on rare earth magnets, the export ban had a
significant impact on those markets and for other end products reliant on REEs. While
short lived and primarily only resulting in higher prices, the incident highlights the
potential supply risks that arise from dependence on a single source of materials vital to
home-country production, especially when the source is not well understood or has
different interests.
The 2010 incident was just one illustration of a series of policies and actions from
the Chinese government that continue to threaten global REE supply today. Leading up to
the incident with Japan, the Chinese government had taken actions to control REE
production to protect supply for their own growing demand, cutting exports by 6-7
percent each year from 2006 to 2009. 50 Additionally, following the 2010 crisis, the
Chinese government shut down numerous production facilities in 2011 in an attempt to
enforce pollution control and eliminate illegal production outside of sanctioned sites,
citing concern of growing environmental impact. 51 The result of these policies, and,
specifically, the 2010 incident with Japan, rendered the realization that China was
building a monopoly in REE markets, which could have serious effects on global
economies and the national security of other countries.
China’s actions highlighted the vulnerability of supply chains based on a single
provider. Following the crisis, Japan has worked to enhance their upstream REE supply
chain, spending $490 million to increase REE production through technology and $370
million on foreign investment to diversify sources. 52 Additionally, companies in Japan
with a reliance on REEs have sought out production in Vietnam, India, and Kazakhstan
and negotiated long-term contracts with producers in Australia, incentivizing increased
production abroad. 53 In the case of the Japanese, these actions, along with a stabilized
demand and supply for REEs, has quieted concerns for now. However, China still
controls the majority of production for the minerals, and as the global economy recovers
from recent slowdowns, growing demand will likely exert additional pressure on
countries and companies, which have not taken action to diversify their supply.

U.S. Resource Dependency on China - Cause for Concern?
The 2010 incident and China’s minerals supply chain development and policies
have also served as a call for the United States to reevaluate material reliance. The United
States economy, especially its manufacturing sector, is dependent on the supply of raw
and semi-finished materials used to make products. While the United States has extensive
mineral resources and is a leading global materials producer, a high percentage of
materials critical to national manufacturing and the Department of Defense (DoD) are
imported from China (Figure 1). Over the past several years, China is uniquely positioned
as the leading producer of the most non-fuel mineral commodities and over 50 percent of
the global supply of 11 key materials (Figure 2). 54 Most notably, China is, by far, the
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leader in REEs (including scandium and yttrium), accounting for over 90 percent of
global production and over 40 percent of known reserves. 55 The Bayan Obo deposit in
Inner Mongolia is considered to be the world's largest rare earth deposit and provides 4050 percent of the world’s REEs. 56
The United States accounts for only 15 percent of REE global consumption – and
the DoD only about one percent of the U.S. consumption – however, there are very
limited readily available alternatives outside of China to meet all critical technology
requirements. 57 China is the only country that produces over 50 percent of the global
production of more than one material used extensively in U.S. manufacturing. Four of
these materials – antimony, REEs, tungsten, and yttrium (sometimes considered an REE)
– are also difficult to substitute without significantly increasing the cost or decreasing the
performance of the products they are used to make, thus increasing the supply risk. 58 As a
result, U.S. manufacturers are vulnerable to restrictions or disruptions that limit their
access to these materials. This is a growing concern in light of the anticipated rise in
global demand for REE-based products and other materials over the next 10-20 years
(Figure 3) and China’s plan to reduce production in order to decrease stress on its
reserves and maintain control of market prices. 59;60
Although China is mineral rich, the country’s industry strength lies not only in its
domestic reserves and mineral extraction, but also in its development of a vertically
integrated supply chain. 61 Beyond dependence on China for raw ore, the United States is
nearly 100 percent reliant on China for processing minerals as well, particularly in the
production of rare earth metals for end-use manufacturing. 62 China has continued to
integrate downstream operations in order to produce and sell more value-added products.
Therefore, even for the materials in which China does not dominate mining, the country
often has the competitive advantage in the downstream processing of the materials, thus
forging U.S. dependence. While reliance on international sources in and of itself does not
constitute supply risk, extensive dependence on China, a competitive near-peer that has
internal challenges and political and policy conflicts with the United States, could
ultimately pose a supply risk, if alternate sources are not secured.

Figure 1. U.S. Material Import Reliance on China (over 50%) 63
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Figure 2. Global Production of Key Materials 64

Figure 3. Rare Earth Element Product Demand Growth 65
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Government Involvement in Strategic Material:
Domestically and Abroad
In this next section, we analyze current government leadership and involvement in
the strategic materials sector, competing priorities between mining and environmental
stewardship through the lens of the permitting and environmental review process, and
broad opportunities for the United States to consider to ensure long-term access to
resources.

Whole of Government Minerals Leadership
Within the U.S. government, there are a myriad of players in the world of
STRATMAT, many of who are working in isolation or cross-purposes to each other due
to a lack of centralized leadership. Based on laws dating back to 1939, responsibility for
U.S. strategy regarding strategic materials has spread across multiple government
departments and agencies. The White House, DoD, Department of Commerce (DoC),
Department of Energy (DoE), and Department of Interior (DoI) all play critical if
somewhat duplicative roles without centralized leadership guiding the overall process. In
spite of these challenges, with significant streamlining of current policies and minor reassignment of some governmental roles between agencies, it is possible to have effective
leadership in mineral security to position the United States for future success.
From a broad perspective, the main issue facing the United States is assured
access to key materials for both prosperity and security. To that end, the Subcommittee
on Critical and Strategic Mineral Supply Chains, a subordinate office of the White
House’s Office of Science and Technology Policy, is tasked with examining the raw
commodities and the downstream supply chains to ascertain global supply disruptions.
The data obtained from these analyses is utilized to determine the criticality of the
mineral and possible risk mitigation procedures. 66
For the DoD, the key legislation driving defense action is the Strategic and
Critical Materials Stockpiling Act, which took effect in 1939. This law directs DoD
efforts by authorizing the acquisition and retention of strategic and critical materials for
national defense. 67 The Office of the Secretary of Defense for Acquisition, Technology
and Logistics (OSD AT&L) has the primary responsibility for tasks relating to the
stockpile, and within this office are multiple sub-divisions with varying duties that range
from focusing on security of supply to maintaining connections with the Defense
Industrial Base (DIB). Actual management of the stockpile is delegated to the Defense
Logistics Agency (DLA). 68
In addition to the DoD, other U.S. governmental departments have key
responsibilities in the process. The DoC and DoE also have committees looking at similar
issues, particularly from the demand side. Within the DoC, the Interagency Market
Impact Committee (MIC) examines the economic impact, both domestically and
internationally, on the acquisition and disposal of materials within the stockpile. The MIC
works closely with DoD, but not the aforementioned White House subcommittee. 69 From
a manufacturing perspective, the Critical Materials Institute (CMI) within the DoE
focuses on process improvements in clean energy technology and searches for viable
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substitutes with a view to diversifying supply chains and forecasting mineral criticality.
To achieve this role, the CMI has a very strong industry linkage with both end-use
manufacturers as well as upstream raw material producers. 70
While there are a number of agencies studying the supply and demand signals, the
DoI is solely focused on the collation of raw material data. Originally, the Bureau of
Mines was responsible for both the collation and analysis of this data, but with their
dissolution in 1996, the collation task moved to the United States Geological Survey
(USGS) without the analysis task. 71 Since then, respective government departments have
done independent analysis as it pertains to their field. The American Minerals Security
Act of 2015 proposes the reinvigoration of this function under USGS leadership to enable
a comprehensive picture of mineral security. 72
Ultimately, the greatest challenge for any organization is unity of effort. On the
subject of critical and strategic materials, this topical issue crosses a multitude of
government departments and affects a wide variety of interests. Because of this,
Congressional legislation often oversteps jurisdictional lines, creating inevitable gaps in
oversight and ultimately leadership. The net result is a number of U.S. government
departments working in different directions that pertain to their own field, but without a
national effort to determine a holistic picture of strategic materials security concerns.
Executive direction on a methodology of analysis would enable a unified approach,
which would drive each department to develop action plans that informs the supply and
demand issues pertaining to their portions of the industry.

Permitting and Environmental Regulation
The U.S. mining and manufacturing industries are subject to strict permitting and
environmental regulations, in part due to a legacy of environmental damage and
abandonment of mines prior to the 1970s. Although modern mining and manufacturing
operations have significantly improved their environmental footprint in the past several
decades, the regulatory regime has become stricter and more difficult to navigate. Robert
Matthews noted, “mine building often draws more opposition in the United States...due to
mining's checkered history and reputation for pollution, abandonment and sometimesshoddy management. Mining companies in the United States have cleaned up their
management for the most part, but reputations haven't caught up.” 73
The United States has one of the longest permitting processes globally, with
approvals for new mines often requiring upwards of 10 years, depending on the
complexity of the project. The process is expensive, both from the industry and
regulatory perspective. The length of the process and uncertainty of outcomes
discourages investment in U.S. mining operations, and contributes to the offshoring of
mining and manufacturing and increased U.S. import dependency.
The differences between public and private decision-making are a source of
frustration for mining companies, who emphasize the need for faster, more responsive
processes with strict deadlines for review, comment, and participation. 74 In
Congressional testimony given to the Subcommittee on Energy and Natural Resources by
Chris R. Hamilton, Senior Vice President and Chairman of the West Virginia Coal
Association, Mr. Hamilton stated that one-third of all coal mines operating in the U.S. in
2008 closed by 2013. 75 The reasons cited for the closures were “baseless regulatory
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changes.” The same effects can be seen throughout the critical minerals industry in the
United States. Some laws provide opportunities for opponents to delay, stop, or require
such substantive mitigation that projects become economically unfeasible. Although
litigation risk is moderate, even one successful outcome has significant ramifications
making the regulatory agencies conservative in their approach, which leads to stricter
regulation. 76
Further, industry complaints typically regard the implementation of environmental
laws, not the intent. Overall, there is widespread concurrence regarding the need to
conduct mining in an environmentally responsible manner. A National Research Council
(NRC) study found that, “improvements in the implementation of existing regulations
present the greatest opportunity for improving environmental protection and the
efficiency of the regulatory process.” 77
Similarly, the Northwest Mining Association (NWMA), commented on draft
guidance to improve the environmental review process, stating:
NWMA wants to emphasize that substantive U.S. environmental law and
regulations are not the problem -- it is the process of obtaining agency permits and
approvals. Our members take great pride in protecting the environment while
producing the minerals America needs. The U.S. mining industry is the most
environmentally responsible mining industry in the world. Mining and
environmental protection are compatible... 78
There is room for improvement in all facets of the process, with work required
from both industry and government. Mining companies often do not understand the
process and submit poorly prepared permit applications documents. There is a tendency
for “scope creep” with companies changing a project’s scope while a permit is in review,
requiring additional information and delaying the process. Further, companies resist
sharing information with the public, working with regulators to identify meaningful
alternatives to issues, or incorporating measures to reduce the environmental impact.
Agencies have inadequate resources to deal with the permit workload, and
stovepipes exist within agencies such that there is little coordination to streamline or deconflict process steps, particularly between federal, state, and local regulations. 79 The
absence of a central coordinator for the process has also led some agencies, like the
Environmental Protection Agency, to exceed their mandates and attempt to impose
stricter regulation. 80 The need for land management agencies, like the Bureau of Land
Management and the U.S. Forest Service, to balance competing public uses of federal
lands can result in fewer lands being open for mining development. An aging workforce
and high personnel turnover within permitting and regulatory agencies also means there
are few qualified members to perform regulatory responsibilities. 81;82 The workload
quickly overwhelms the staff in meeting timelines.
Regulatory reform and process improvement are needed to address all of these
issues. Streamlining of the permitting and environmental review process, including
efforts to increase stakeholder coordination early in the process, represents a significant
opportunity to reduce the wait time required to stand up a new operation. Process
improvements could also help attract investors, many of whom are turned away by the
significant level of government involvement. 83
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Broad Opportunities to Influence United States Access to STRATMAT
While the price of commodities remains low and the global mining sector is at the
bottom of a super cycle, there is still significant opportunity for the United States to
influence both domestic and foreign mining operations. The key for the nation will be to
switch to growth while many others are downsizing and restructuring. During this time,
America can lead with its expertise and incentivize companies to invest both domestically
and abroad and use innovation to solve some of the risks in the global mining sector.
While truly innovative advances in mining, such as mining resources in outer space, may
be far off (reference Appendix D), solutions to the most current pressing challenges like
decreased productivity, access to energy and social license to operate issues are possible
with the help of U.S. companies. Addressing these issues will simultaneously enable
foreign mining operations to exponentially build upon substantial mineral reserves and
create new opportunities for U.S. investment overseas resulting in more assured access to
strategic materials than exists today.
Productivity, Access to Energy and Social License to Operate Issues
Diminishing productivity is a rising concern within the industry. Nearly every
company visited or studied by the STRATMAT team noted declining productivity as a
key issue to address in 2016. Despite significant efforts, there still remains substantial
room for improvement; true innovation is required to create a new culture of productivity
in the mining industry following the commodities bust. U.S. companies, especially those
effective at analyzing data, monitoring performance and understanding productivity and
output could contribute significantly to solutions. These companies have the potential to
drive the next metals and minerals cycle.
Access to energy and water for mining operations is also a significant issue,
especially for operations in more underdeveloped countries (see Appendix B). Ineffective
infrastructure and lack of investment have severely impacted mining operators’ ability to
produce and refine extracted ore. In countries with rising economic means, the increasing
affluence of the local population places greater pressure on limited energy and water
resources; this is true even in portions of the United States. Whatever the cause, industry
access to energy and water remains an area that U.S. companies could significantly
contribute to in an effort to sustain foreign operations. Innovation in this area could come
in the form of renewable energy applications, for which the United States has already
demonstrated significant global predominance, de-intensifying energy intense
applications in mining operations, or encouraging national energy providers to partner
with host nation energy operations to create synergistic operations.
A third, and perhaps the most daunting concern raised by mining operators is
pressure resulting from social license to operate (SLTO) issues. SLTO is a multistakeholder issue that requires partnership, collaboration and negotiation from a broad
spectrum of interest groups. Often, political and economic decisions are at odds with
community interests and clashes result in protests and work stoppages that shut down
mining operations and threaten the health and safety of mining employees. National
interest groups, especially those with a proven track record of providing amenable
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solutions to SLTO issues, should be encouraged and incentivized to engage in both
domestic and international discussion.
Beyond the issues described above, another opportunity lies in foreign direct
investment to help bolster foreign mining outputs. Due to the downturn in commodity
prices, there is an entire portfolio of substantial global mining assets that are ripe for
acquisition. Industry analyses and company briefs conducted on several top companies in
the mining industry revealed that many, if not all, are engaged in active downsizing and
de-leveraging of key assets; seizing such an opportunity may provide incentives for
companies to retain or make new investments in minerals and mining operations
overseas. 84 Lastly, such an action would not only bolster production in countries where
reserves and ore grades remain high, but would also ensure national access to critical
mineral supplies, a key national security concern as previously mentioned.
Foreign direct investment is not without risk, however. As political and economic
stability improves in some countries, concern over resource nationalism continues to rise.
Host nations, either thinking that they are not receiving their “fair share” from mining
companies, or in an attempt to protect their own national security and interests, are
exerting significant political pressure to retain assets previously sold to foreign
investors. 85 The end result could be even stronger regulations, higher taxes and other
obstacles that would prevent foreign investment in mining operations overseas. While the
U.S. government and private investors will need to manage these risks, foreign direct
investment and economic diplomacy with foreign nations could create a core
conglomerate of allied partnerships to ensure access to critical minerals.
Education versus Employment
As discussed in other portions of this report, national investment in the human
capital aspect of the mining industry is lacking. Science, Technology, Engineering, and
Mathematics (STEM) education programs, while critical for generating engineers and
scientists, have failed to address the technical and vocational needs that feed the mining
industry. As a result, the available labor force for U.S. mining jobs is severely depleted.
The BLS reports fewer than 100,000 people are employed in the natural resources and
mining fields and close to 36 percent of available jobs remain vacant for longer than three
months. The technical roles, like crewmember, crew foreman and field supervisor are the
hardest to fill. 86 To compound the issue, many U.S. mineworkers emigrated to other
countries when the North American market started to slow in 2012. The end result has
been a technical vacuum that may take years to regenerate.
While STEM programs restructure to address this concern, more near-term
solutions may exist to revitalize mining knowledge within the nation. For example,
incentives designed to attract foreign mining experts who have been affected by
downsizing in other countries have the potential to provide the U.S. sector of the industry
with a significant boost. Such an effort may require relaxing some immigration laws and
creating special worker visas for individuals with needed technical expertise.
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Conclusion
Strategic materials are essential to modern technologies. More pertinently, they
are also in critical weapons systems such as the Joint Strike Fighter, the V-22 Osprey and
every U.S. Navy aircraft carrier in service. In a very real sense, the nation is dependent on
access to these strategic materials and the United States government should develop
suitable policy initiatives to guarantee security of supply. Some recommendations have
greater potential to alleviate risk, and those are spelled out in detail in the remaining
pages of this document. Regardless of which direction the government takes, it is clear
that the United States requires greater leadership in the strategic materials industrial
sector if the nation is to remain a viable economic leader in the future.
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Policy Recommendations for Continued Access to
Strategic Minerals
1) Streamline U.S. policy to create efficiencies
A) Single government entity for whole-of-government solutions to
STRATMAT
Dating back to 1939, a number of legislative mandates were generated to respond
to different threats to security. However, many of these mandates remain departmentspecific today, leading to lack of coordination, duplication, and often-conflicting efforts
to address security threats. To counter this trend, national security policies on critical and
strategic materials require a unified effort with a single point of leadership. Unity of
effort is required to have sustainable mineral security; a clear national picture will enable
the United States, writ large, to make the necessary decisions to assure its needs can be
met in times of crisis. A single government entity would collect and analyze the data
necessary for a comprehensive national picture of mineral security to enable future
decision-making.
B) Single government entity to coordinate/track permitting and
environmental review process
A review of studies and Congressional testimony from the last 20 years provides a
long list of proposed reforms to improve the environmental review process and permit
times for new mines within the United States. One such solution is the proposed
American Mineral Security Act of 2015 which requires that federal agencies,
...avoid duplication of effort, prevent unnecessary paperwork, and minimize
delays in the administration of applicable laws and the issuance of permits and
authorizations necessary to explore for, develop, and produce critical minerals and
to construct mineral manufacturing facilities in accordance with applicable
environmental and land management laws. 87
Passage of this act would streamline the existing permitting process and has the
potential to stimulate more substantial investment in the U.S. mining industry.
C) Single government entity for science/technology and whole-of-government
R&D efforts
There is also a need to coordinate whole of government science and technology
efforts related to strategic materials. Currently, the President’s Office of Science and
Technology provides grants for research related to a variety of topics, including
substitutes and new uses for strategic materials. The DoE provides grants related to REE
research, as these elements have multiple energy-related uses. Other agencies, like the
Defense Advanced Research Projects Agency (DARPA) and DoE’s Advanced Research
Projects Agency – Energy, (ARPA-E) also provide research funds or incentivize research
ventures for topics that overlap strategic materials issues. Most of these agencies are
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unaware of the research efforts funded by others, increasing the potential for duplication.
Having a single office that tracks relevant research efforts would yield multiple benefits,
such as reduced duplication of effort, research synergies, scalability of research, and
better alignment of research projects to national interests.
2) Targeting human capital for STRAMAT
A) Research & development funding to incentivize mining higher education
and prevent the loss of domestic mining engineering programs
Maintaining university mining programs is essential to preserving U.S.
intellectual capital related to the mining industry. Universities depend on R&D funding to
retain and develop new faculty necessary for domestic mining engineering schools,
particularly for graduate and doctoral programs. Active research also attracts new
students and additional investment. Renewal of government grants similar to what the
USBM previously sponsored merits consideration by U.S. policymakers who are
concerned with offshoring of mining and manufacturing operations. Providing research
funding to universities would encourage institutions to maintain facilities, hire faculty
and attract students. Robust research programs add to the body of knowledge on mining
technology and areas for innovation, and provide a repository of knowledge.
B) Encourage vocational education as viable career path
Federal and state government policies should focus on encouraging the
development of a skilled vocational workforce using tools, such as job training,
scholarships, high school outreach, and public perception campaigns. Government
policies reversing the reduction in funding in high schools is also recommended. While
funding programs such as TACCCT are making a difference, without a change in the
perception of the value of vocational workers, the current shortfall will continue. Efforts
to counter the negative association with vocational training are more complex. High
schools and communities need to educate communities on the value added benefits
vocational training provides in supporting the economy, as well as the high-tech
opportunities trained workers can access (few trades are truly ‘blue-collar’ work today).
The 2014 CCSSO’s vocational strategy is an example, recommended for adoption at the
federal level, of a program that reinforces the importance of trades in society and U.S.
technological superiority.
3) Use acquisition system to promote STRATMAT security
A) Acquisitions reform which compensates for more robust, commerciallyheld strategic material inventories
To limit DLA stockpiling requirements, the USG can incentivize stockpiling
within the DIB. To do this, the United States should reward manufacturers of specific
end items containing strategic materials to maintain supply or secure a dedicated source
of supply for those said materials. The agreement would stipulate the applicable form or
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composition of the material (alloy, concentrate, ingot, etc.) and the duration the supply
must cover (i.e. 12 months).
B) Incentivize and enable materials substitution and recycling
The United States should incentivize research partners to find viable strategic
materials substitutes. One model to examine for wider applicability across government
exists today within the DoE. The ARPA-E has worked to find domestically abundant
substitute elements for REEs. The program currently has 13 on-going REE alternatives
programs. Some programs focus on direct magnetic replacements for REE magnets,
while others are looking for magnet replacement technologies. Many of these programs
have shown promising results to date. More time is needed to test these technologies to
ready them for production and use. In the meantime, interim solutions are necessary to
mitigate supply interruptions until these alternatives are domestically available.
The United States should also set conditions for increased recycling of strategic
materials. Current reuse and recycling rates of REE, for example, amount to less than
one percent due to collection challenges and low concentrations, making efforts
economically infeasible. Incentivizing recycling research and promoting ‘design for
recycling’ techniques may increase industry interest and stimulate innovation in recovery
efforts.
4) Hedging risk (assured supply) through long term Allies/partnerships
A) Strategic Materials, global partnerships and the National Security
Strategy
Since its inception in 1986, the NSS has highlighted U.S. global leadership - one
that simultaneously drives national action and informs world perception of American
intent. If concerns exist about domestic supply risk, the NSS should specifically address
mineral security and outline a detailed plan for assured supply. Such a plan signals to
global leaders this critical relationship between strategic materials and security, and U.S.
intentions to alleviate supply risk through cooperative allied networks and foreign
investment.
B) More FDI in mining industries abroad in order to solve global mining
challenges and strengthen U.S.-Allied partnerships with respect to critical
mineral supply
The downturn in the global mineral markets has left many mining companies,
both domestically and abroad, struggling to address critical labor force and infrastructure
needs. The capital to invest is scarce, but if key issues like diminished productivity,
access to energy and water, and SLTO are not addressed, these companies will struggle to
survive even when the cycle reverses and commodities boom once again. The United
States has a real opportunity to lead with its expertise, support struggling foreign mining
operations and create investment opportunities that will bring returns back to the U.S.
mining sector. The government should consider providing incentives to U.S. companies
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that invest R&D funds to address some of the key opportunities discussed elsewhere in
this report. The outcome will be highly productive operations across the globe and a
strengthening of U.S.-Allied partnerships in addressing critical mineral supplies.
C) Continue to promote free trade; break down trade barriers, creating
assured access through strategic and economic partnerships
The United States has Free Trade Agreements (FTA) in force with 20 countries.
FTAs, such as the TPP and Transatlantic Trade and Investment Partnership (T-TIP), are
meant to level the playing field in terms of labor costs and regulatory requirements as
well as open up the markets of the signatory nations to each other. Promotion and use of
FTAs is one of several ways the United States can hedge against the resource
dependence. Especially useful may be increased security of supply arrangements within
those FTAs. 88
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Appendix A
Organizational Classifications of “Critical” and “Strategic” Minerals
and Materials
Department of Defense – Defense Logistics Agency
Definition: (from the Strategic and Critical Materials Stock Piling Act, 50 U.S.C. 98 et
seq) “‘strategic and critical materials’ means materials that (A) would be needed to
supply the military, industrial, and essential civilian needs of the United States during a
national emergency, and (B) are not found or produced in the United States in sufficient
quantities to meet such need.” 89
Methodology: multi-step “funneling” process as depicted below to calculate gross and
net shortfalls of the materials required in the execution of national defense
responsibilities as determined through defined “Base Case” and “Alternative Case”
conflict scenarios in open and closed U.S. economic and manufacturing environments.

Figure 8: DLA “Funneling” Methodology 90
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National Research Council
Definition: “a critical mineral is one that is both essential in use and subject to supply
restriction.” 91
Methodology: a two-dimensional “criticality matrix” as depicted below to measure “the
degree of importance of a mineral or, equivalently, the impact of supply restriction” and
“the degree of supply risk or the risk of a supply restriction.” 92

Figure 9: NRC Criticality Matrix 93

31

Department of Energy
DOE utilizes the same methodology as presented by the NRC except, the y-axis of the
criticality matrix is changed to measure the mineral according to importance to clean
energy. 94

Figure 9: DOE Criticality Matrix 95
National Science and Technology Council, Office of Science and Technology Policy
Definition: “‘critical materials’ are those that have a supply chain that is vulnerable to
disruption, and serve an essential function in the manufacture of a product, the absence of
which would cause significant economic or security consequences...‘strategic materials’
are regarded as a subset of critical materials and are those that are essential for national
security applications.” 96
Methodology: a mathematical calculation based on the geometric mean of three variables
assessed on scale of 0 to 1: supply risk (i.e., geopolitical production concentration),
production growth (i.e., mineral’s market size) and market dynamics (i.e., mineral’s price
sensitivity). 97
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Appendix B
Global Mining and Minerals Review
The geology of the Earth is predominantly the result of tectonic plate movement
creating convergent and divergent boundaries. Continents are mostly single plates
moving slowly over time creating young rocks at convergent boundaries and leaving old
rocks at divergent boundaries. Mineral deposits are predominantly associated with the
type and age of the rock left behind; moreover, there is a strong correlation between the
deposit type and the process by which the rocks were created. Minerals are therefore
unevenly distributed across the earth, a key point when analyzing these elements as they
relate to national security. With this understanding, we now turn to a top level analysis of
some significant deposits by continent (excluding Antarctica) and, in some cases, a brief
review of challenges in accessing these non-fuel minerals in order to paint the broader
context of the strategic challenges involved.
Africa
Geologically, Africa formed the center of the supercontinent known as Pangaea,
and much of its bedrock comprises igneous and sedimentary rocks gradually
metamorphosed through heat and pressure as Pangaea began to break apart
approximately 130 million years ago. 98 The tectonic movements, combined with smaller
scale geologic activity such as erosion, earthquakes, and sea level rise and fall, created an
extremely complex geological record that varies across the continent. As a result, mineral
resources are abundant on the continent, and include uranium, platinum group metals,
nickel, bauxite, cobalt, gold, and diamonds.
African countries are expected to experience population growth, economic
growth, and urbanization ranging from 40 to 60 percent over the next twenty years; with
manufacturing generating 80 percent of the economic growth. 99 Modernization of
infrastructure and technology has significant potential to contribute to manufacturing
through better utilization of resources. 100 Economic experts note that “the fundamental
components of an efficient manufacturing industry—a productive labor force, reliable
electricity supply, and efficient transport networks—are lacking across much of the
continent and more established manufacturing locales such as India, Vietnam and
Bangladesh are still more competitive locations.” 101 Nonexistent, corrupt, or oppressive
governance creates fragile states and civil unrest, and is likely to lead to the downgrading
of Africa’s financial rating. 102 Other factors include the lack of employee labor rights,
fair wages, proliferation of terrorist organizations and transnational organized crime,
unsustainable agricultural methods resulting in shortages of food and water, and
environmental degradation related to mine drainage, deforestation, and desertification. 103
The confluence of all factors makes Africa a difficult place to manage risk.
In spite of these factors, the United States views Africa as a strategic opportunity
due to its abundance of minerals, oil, and gas. However, other nations have interests in
Africa’s abundant resources as well and many of those interests run counter to those of
the United States. For example, China’s interest in Africa to secure resources often
undermines international efforts to alleviate poverty, improve human rights and
democracy, establish good governance regimes, and encourage sustainable

33

development. 104 With this scale of resource competition, the opportunity to form
multilateral engagement and cooperation through mineral and energy security is
tremendous. According to the USGS, the United States is heavily import reliant on a
number of African commodities to include: manganese (100%), platinum group metals
(85%) and chromium (72%). 105 Disruption to the supply chains for these three minerals
would affect the ability of the United States to support its manufacturing base, including
the manufacture of defense systems.
Europe
The European continent hosts a diverse geologic structure that has been populated
and mined for centuries. In spite of long-term mining and extraction of resources there
are still considerable deposits in many locations. Further, multiple nations are conducting
exploratory activities to seek out new deposits. For example, Bulgaria, Finland, Ireland,
Norway, Portugal, Romania, Italy, Slovakia, Spain, Sweden, and the United Kingdom
have begun exploration activities in light of new extraction methods. 106 The primary aim
for these recent endeavors is to identify deposits, which have never been discovered or
produced in the region such as diamonds in Finland and platinum group elements in the
United Kingdom. 107
North America
Geopolitically, Canada and Mexico are significantly different nations with
differing abilities to tap into their natural resources. Canada is a developed nation with a
stable government, comparable governance structures to the United States and a
negligible level of corruption. On the other hand, Mexico is politically stable, but still has
significant issues in economic development, due in the most part to corruption and drugrelated security risks. 108 Despite these challenges, Mexico has a trove of mineral wealth
with significant potential that entices prospective mining corporations willing to accept
the risks. In the last decade, the Mexican government transformed their extraction
industry from one comprised of predominantly state-owned enterprises to one, which
encourages private sector development, including foreign direct investment. 109 By way of
contrast, Canada has a healthy mining industry and as of 2015, 57 percent of the world’s
mining companies were listed on the Toronto Stock Exchange; moreover, the Toronto
Venture Exchange accounted for 62 percent of all global mining equity. 110 According to
the U.S. Geological Survey, the United States is completely import reliant on a number of
non-U.S. North American commodities to include: cesium (100%), rubidium (100%),
strontium (100%), and zinc (81%). 111
South America
Major South American mineral and metals producers are Brazil, Chile, Argentina,
Peru, Bolivia, Colombia and Venezuela. 112 While not completely similar in cultural and
political characteristics, each of these countries is a developing nation, with relatively low
levels of per capita income, industrialization, and economic diversification. 113 One
common feature of these countries is their relatively high dependence on extractive
industries – mining and oil – as their major source of economic returns and public
financing. 114 While drug violence, authoritarian regimes, corruption, and leftist, often
anti-American politics, have at times colored the situation of individual South American

34

countries, the region represents an opportunity for future U.S. interests. 115 South America
is rich in both natural resources and available labor, including metals, and it is
geographically proximate to the United States. 116
Asia
Asia is a huge landmass with significant variations in geography and mineral
deposits. It contains one of the greatest convergent tectonic plate regions forming the
Himalayan Mountains as well as numerous older geologic features. In the region, China
is by far the dominant force in mineral production, producing most of the world’s nonfuel minerals. 117 Several other countries in the region have significant minerals output
including India, Turkey, Russia, Kazakhstan, and Vietnam. Other nations in the region
have poor outputs because they either lack the natural resource deposits or the physical,
economic, and political infrastructure to make use of them.
China possesses the world’s largest population, the fourth largest land area and is
blessed with tremendous mineral resources. China is the world’s leading producer for
over 30 minerals and accounts for over 85 percent of production of rare earth elements. 118
While the Chinese have entered the globalized market economy, they still rely on stateowned enterprises in areas critical to economic security like the mining sector. The nation
is very well vertically integrated and not only leads in mineral extraction but also leads
the refining, beneficiation, and smelting business for ores mined abroad. There is some
evidence to suggest China uses production controls, export restrictions, mine closings,
and company consolidations to exert political pressure on regional neighbors and to
encourage foreign companies to relocate to China in order to guarantee access to mineral
supplies. 119 This is of particular concern to the United States who relies heavily on
Chinese minerals to fuel its economy and provide critical components for high-tech
military equipment. China’s ongoing territorial expansion and interest in developing
mineral resources around the globe only escalates the tension over mineral commodity
supplies.
Russia’s mining industry, on the other hand, is still emerging from the oppression
of the former Soviet Union. During the Cold War years, the nation conducted extensive
exploration operations. However, the exploration was focused on commodities required
by the centrally planned economy and was not determined by the supply and demand
economics of the commodities markets. 120 Today, some western companies have used
modern exploration concepts, geologic and tectonic analysis, and mineral deposit models
to re-explore hydrothermal gold and silver deposits in the Russian Far East, resulting in
reopened or enlarged joint ventures with major western mining companies. 121
Central Asia hosts several nations that are rich in mineral wealth but are seeking
investment to realize their potential. Mongolia sits upon vast quantities of untapped
mineral wealth, including large reserves of copper and coal, and has access to cheap labor
due to the high rate of unemployment and poverty. 122;123 Mining has long been a staple of
Kazakhstan’s economy and the nation is actively pursuing foreign investment including a
joint venture with the Japanese to export rare earth elements. 124 After decades of conflict,
Afghanistan is looking to leverage their potentially large reserves of lithium and rare
earth elements along with other base metals to dramatically increase the contribution of
mining to their economy. 125 Iran is ranked among the top 15 mineral-rich nations of the
world and is aggressively pursuing investment deals with France, Italy, Japan, India, and
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China. 126;127;128 These nations pose significant risk for investors however, primarily due
to the high levels of public corruption, political instability, and conflict. Particularly in
Afghanistan and Iran, decades of war and international sanctions have resulted in
extremely poor infrastructure that will require substantial investment to access resources.
Ultimately, the major national security issue with central Asian resources is that
they reside in nations that are not historically friendly to the United States or its allies.
The ability of these nations to control mineral supplies during a conflict is a concern.
Additionally, the vast mineral potential of Afghanistan and Iran could result in substantial
funding flowing to terrorist groups operating against the United States or Israel,
undermining global security.
Australia and Oceania
The region of Australia and Oceania spans thousands of nautical miles and
hundreds of islands. The area is rich in mineral resources, especially coal, copper, gold,
nickel, silver, tin, lead, zinc, and bauxite with some supplies of magnesite, titanium,
tungsten, uranium, and rare earth elements in Australia. 129 The recent global downturn of
commodity prices, especially in coal, has put a significant strain on countries throughout
the region who are all highly dependent on income from mineral exports. Despite
increases in market volume since 2010, the market value has continued to decline as
growth in China slows.
In spite of these challenges, there is significant opportunity for growth and
investment in the region. Indonesia has substantial mineral reserves and, with the fourth
largest population in the world, there is a strong labor pool for foreign market
integration. 130 Further, several countries throughout Oceania such as Papua New Guinea
and New Zealand have initiated successful offshore mining operations opening new
avenues of opportunity for copper, gold, lead, silver, and zinc. 131 Australia is a veteran
minerals exporter and with its expansive resources available, including rare earth
elements, will ensure its continued regional importance for some years to come.
For the foreseeable future, the region will face some challenges moving forward.
The biggest threats are the global commodity price lows and the duration mining
companies can continue operations with declining revenues. Australia is also struggling
with high labor wages that are threatening their global competitiveness. This problem is
so significant that Price Waterhouse Cooper recently listed the nation as the second least
productive mining country in the world in spite of their access to significant resources. 132
Indonesia is facing significant infrastructure shortfalls and lacks the vertical integration
for smelting, fabrication, and beneficiation. Attempts to spur investment by banning some
unprocessed mineral exports backfired and expanding mining regulations, corruption, and
the growing pursuit for resource nationalism have scared off companies who were
planning investments. 133 Lastly, while rich in resources, some Oceania islands such as
Papua New Guinea are beginning to feel the effects of unregulated mining practices and
local communities are protesting health crises, environmental exposures, and human
rights violations.
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Appendix C
Rare Earth Elements on the Periodic Table

Figure 10: Rare Earth Elements 134
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Appendix D – Mining Space 135
Lt Col Ryan Gulden, USAF
INTRODUCTION
The future of mining may look vastly different from the open pits and mine shafts
of today. Potentially trillions of dollars of minerals are contained in asteroids that are
hurtling through space on trajectories that bring them in relatively close proximity to the
Earth at some point in their orbit around the sun. The recent growth of commercial space
industries has spurred an interest in acquiring these minerals and several adventurous
companies believe they have the ability to generate substantial profits by extracting these
resources. Technology developments have made asteroid mining increasingly possible
and the recovered minerals have the potential to not only change life on Earth but may
also provide the building blocks to increase mankind’s access to space.
ASTEROID COMPOSITION
NASA estimates there are between 1.1 and 1.9 million asteroids larger than 1
kilometer in diameter with millions of smaller ones. Most of these asteroids are clustered
in the main asteroid belt located between Mars and Jupiter. Others, called Trojans, are
clustered in the gravitationally stable Lagrangian points in the orbits of the planets in our
solar system, primarily Jupiter. Of particular interest to mining are the Near-Earth
Asteroids (NEAs) that have orbits that pass close to, or even cross, the orbit of the Earth.
As of 2013, NASA had confirmed over 10,000 NEAs with 861 identified as being larger
than one kilometer in diameter.1 As new asteroids continue to be discovered, the number
of NEAs could potentially be 100,000.2 These asteroids are extremely important to
asteroid mining companies because they provide opportunities to access materials at
greatly reduced costs.
Asteroids are classified into three primary types based on their mineral
composition. Carbonaceous (C-type) asteroids account for about 75% of known asteroids
and consist of clay and silicate rocks making them dark in appearance. These asteroids
also may contain organic materials and volatile substances such as water and methane
which may be frozen on or within the asteroid. Seventeen percent of asteroids are stony
(S-Type) and comprised of silicate materials, nickel, iron, and magnesium. The
remaining 8% of asteroids are metallic (M-type) and comprised primarily of nickel and
iron.3 These asteroids are also believed to contain high concentrations of gold, silver,
platinum group metals, and rare earth elements, making them extremely attractive to
space miners. Platinum rich asteroids may contain up to 100 grams per ton, making them
up to 20 times more concentrated than any deposits on earth. This means that one 500meter wide asteroid may contain 1.5 times the known world reserves of platinum group
metals which equates to 175 times the annual production of platinum.4
Extracting materials from asteroids will likely be less intensive than terrestrial
mining. Unlike the Earth, asteroids did not go through a molten phase. During this
process, all of the heavier metal sank into the Earth’s core as it cooled, leaving very little
minerals at the surface.5 In fact, platinum does not naturally occur in the Earth’s crust

38

and the orebodies mined today were either deposited by meteors that impacted the Earth
after its formation or resulted from magma chamber intrusions from the Earth’s mantle.6
This lack of a molten phase means that minerals such as platinum and rare earth elements
are evenly distributed throughout asteroids however, producing high quality ore grades at
very shallow depths or even on the surface.7
Near-Earth Asteroids are also classified by their orbits. Apollo asteroids orbit the
sun in elliptical orbits and spend most of their time outside of Earth’s orbit. These
account for about 54% of known NEAs. Asteroids in elliptical orbits that are primarily
inside Earth’s orbit are called Aten asteroids and account for 8% of NEA. The remaining
37% of NEA are Amor asteroids that are in larger orbits that approach but never cross
Earth’s orbit.8 These orbits are reflected in Figure 1. The orbits of potential resource
asteroids are critical because they determine both the difficulty in getting a spacecraft to
rendezvous with the asteroid and the mission plan that must be employed. Because the
asteroid and the Earth are travelling in different orbits, there are only specific times when
it will be economical, or even possible, to both get to the asteroid and return to earth.
This orbital phasing generates a launch window of when the mission must start and also
determines how long the spacecraft can loiter with the asteroid conducting mining
operations before it must depart for its return to earth orbit. Transit time to these
asteroids can be months and with the mining time required, some mission profiles may
take years in order to be economically viable. Therefore, the careful selection of orbit
friendly ore bodies is critical to the success of space mining.
FEASIBILITY
With all of these valuable materials readily available on asteroids, it is only
natural to question if space mining is really possible. The short answer is that it has
already been accomplished on a limited scale. The Near Earth Asteroid Rendezvous
(NEAR) spacecraft was launched by NASA in 1996 and successfully orbited Eros for a
year before landing on the asteroid in February 2001. This mission gained a tremendous
amount of data about the composition of the asteroid which seems to have a surface
density similar to that of Earth with large craters and boulders.9 The Curiosity rover
continues to examine Mars and was the first to drill into its surface. The extracted
pulverized samples were analyzed in an on-board chemistry lab to determine the mineral
content.10 Further, the Japanese Hayabusa spacecraft successfully visited asteroid
Itokawa and returned small samples taken from its surface back to Earth.11 While
extremely small in scale, these missions demonstrated all of the technologies necessary to
prospect an asteroid to determine its content and retrieve materials from its surface for
return to the Earth. All that is needed is to scale up the operation to make it economically
viable.
To this end, there are several companies who believe they can turn space mining
into a profitable venture. Planetary Resources was founded in Washington in 2009 and is
currently a 50-person team.12 They have developed a series of spacecraft named Arkyd to
begin the task of prospecting asteroids to determine their composition and mineral
concentration to maximize mining opportunities. Using space as their testbed, each
successive vehicle will demonstrate additional capabilities needed to achieve their
ultimate objective. Arkyd 3 was launched in July 2015 and tested the avionics, control
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systems, and software. Arkyd 6 is scheduled to launch in June 2016 and will include a
mid-wave infrared sensor to test its ability to find water by examining the Earth.13 These
spacecraft will be followed by the Arkyd 100 and 200 which will demonstrate the ability
to examine the Earth with more exotic sensors and demonstrate the ability to rendezvous
with an asteroid. A swarm of Arkyd 300 spacecraft will then be deployed to several
asteroids of interest to prospect and determine the most viable candidates for
commercialization.14 Planetary Resources is currently interested in eight Apollo and
Amor asteroids that show the most potential as ore bodies.15
Another space mining company, Deep Space Industries (DSI), is headquartered at
the NASA Ames Research Park near San Jose, California. Founded in 2012, they
partnered with the Government of Luxembourg to develop the technologies required for
space mining. They are currently working on the development of the Prospector-X which
will perform the first step of locating and evaluating resources on asteroids.16 The longterm plan for DSI includes a four step process beginning with prospecting and continuing
through harvesting, processing, and eventually manufacturing products in space using the
mined materials.17
Both companies are still in their infancy but they have significant reasons to be
optimistic. About 10% of NEAs are easier to reach than the moon, leaving thousands of
potential targets for mining opportunities. Of these, 50% are likely ore bodies that could
be profitably mined.18 Due to the extremely low gravity of asteroids, materials can be
moved around easily and significant quantities of materials can be lifted off the surface
with very little energy. Numerous techniques for the extraction and processing of ores in
space have been identified and information gained from government sponsored
explorations will reduce the risks of developing the spacecraft capable of harvesting these
resources. Further advances in robotics will continue to make spacecraft and mining
tools more autonomous and missions such as the Curiosity rover have demonstrated the
ability to effectively monitor and operate vehicles over the vast distances of space. In the
end, while there are obviously tremendous challenges that will need to be overcome for
space mining to be successful, the technologies are available today to make asteroid
mining possible.
BUSINESS MODELS
There are several different models that provide the opportunity for substantial
profit from space mining. The key factor is identifying a consumer base willing to
purchase the mined materials at a price that exceeds the exorbitant costs of visiting an
asteroid and returning the materials to earth orbit. With the content of a single asteroid
potentially worth trillions,19 there is substantial gain to be made given the right
opportunities.
The most obvious business model would be to return mined minerals to the
surface of the Earth for terrestrial use. This creates a significant challenge in safely
decelerating a substantial quantity of mined material in a manner that remains
economical. This problem, combined with the high cost of obtaining the processed
material from the asteroid, likely restricts this model to only the costliest minerals such as
platinum and rare earth elements. Planetary Resources has shown some interest in this
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model and is planning to investigate an asteroid that is thought to contain more platinum
than has ever been mined to date on the Earth.20
Even if asteroids are successfully mined, the abundance of material returned to
earth would create another problem. The drastic increase in supply of the mineral would
cause the price to fall so much that it would undermine the long-term profitability of the
endeavor. One way to offset this problem in the short-term would be to establish uptake
orders to pre-sell the minerals at a set price. This would guarantee the viability of a
single mission but as customers increase their stockpiles with the surplus material this
model would likely make future missions unsustainable. In the long-term, this model
requires an increase in demand to maintain a price that justifies space mining. One
possibility is the elimination of substitutes. Today, industry looks to substitution to
remove expensive materials from their products, sometimes accepting a reduced
performance to achieve cost savings. If the cost of rare earth elements or platinum, for
example, could be reduced through the increased supply from asteroids, then there would
be no need for substitution. The increased demand could maintain an equilibrium price
that is sufficient to keep space mining viable. Alternatively, new markets could be
created to permanently increase the demand for the minerals. One example for platinum
is the manufacture of fuel cells. Hydrogen fuel cells are extremely efficient at generating
electricity and produce very little pollution but are still very expensive in part because of
the platinum required as the catalyst.21 A healthy supply of platinum from asteroids at
reasonable prices could create a whole new industry for low cost fuel cells that could
revolutionize energy production and create a more permanent demand for large quantities
of platinum.
A second business model would be to sell the mined material to customers on
orbit.22 Any material available in orbit is worth substantially more because of the
significant launch costs of getting material off of the Earth. Even a ton of dust from an
asteroid could be worth $1 million in orbit if a customer needed it for making concrete
for landing pads, shelters, or roads.23 The most often cited example is the mining of
water from celestial bodies to provide on orbit for human consumption, fuel, or shielding
against radiation.24 Loading water on orbit would greatly reduce the launch costs from
Earth for both robotic and manned space flight and will likely become a necessity to
enable any sustained missions to the moon, Mars, or beyond.
Minerals will also have substantially more value in orbit. Access to raw materials
in space would allow the manufacturing of objects that are too large or too heavy to be
launched from Earth. Planetary Resources has already demonstrated the concept by
using pulverized, powdered material from a meteorite found on the Earth to create objects
using a 3D-printer. Access to materials such as iron, silicon, and aluminum in space
would allow the creation of virtually any structure without the need to bring any materials
off of the planet’s surface.25 An even more audacious option would be to bring an entire
asteroid back into a convenient orbit near Earth and mine the asteroid on demand when
materials are needed. This could prove highly profitable by eliminating the expensive
trips back and forth to mine the asteroid in its original orbit but would create the
additional challenges of safely moving an asteroid out of its orbit and preventing the
creation of hazardous debris in near-Earth space.
Further, selling materials on orbit requires a substantial space customer base to
remain profitable. The growth of the commercial space industry and the resultant
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reductions in launch costs could dramatically increase opportunities for space tourism or
interplanetary travel. However, these missions may not be possible on a large scale
without access to materials in space. Similarly, without these missions, space mining
may never turn profitable. There is a natural synergy between space mining and the
commercial space industry that require combined cultivation for either of them to reach
their full potential. It is even possible in the future that one industry may subsume the
other to gain more control over the entire value chain.
LEGALITY OF SPACE MINING
One of the biggest concerns for space mining companies involves the legal
protections they would be afforded in any extraterrestrial endeavor. Nothing would be
more devastating to a company than to go to the expense of retrieving materials from an
asteroid and then be told they do not have the right to sell those same resources. In light
of these concerns, space mining companies have been struggling to secure venture capital
as investors were concerned over the legalities involved in the effort.26 For United States’
companies this concern may have been alleviated by recent law.
The 1967 Outer Space Treaty has been the guiding principle for operations in space since
mankind first endeavored to visit celestial bodies. Referred to as the Magna Carta for
space, the Outer Space Treaty states in Article 2 “Outer space, including the moon and
other celestial bodies, is not subject to national appropriation by claim of sovereignty, by
means of use or occupation, or by any other means.”27 The treaty assumes, based on the
era when it was written, that space operations would be conducted by nation-states. It
also creates a gray area for the extraction of resources. According to the treaty, there can
be no claim of sovereignty over a celestial body, but the treaty is silent on the ownership
of resources that are extracted from that body.
The Moon Agreement of 1979 attempted to provide more definitive constraints on
any nation’s activities in space. Article 11 addresses the exploitation of natural resources
from space and recommends the formation of an international regime to govern the use of
those materials when extraction becomes feasible. Specifically, the regime suggested in
the treaty would ensure the equitable sharing of the benefits derived from space
resources.28 This would seem to create a significant challenge for space mining
companies if their activities were subject to the ruling of such a regime. However, no
space faring nation has signed the Moon Treaty leaving it an interesting point of
reference with no enduring legal authorities.29
The rapid growth of commercial space entities recently led Congress to initiate a
bill to establish legal protections for spacefaring companies. The United States
Commercial Space Launch Competitiveness Act was signed into law on November 25,
2015. Title IV contains language originally submitted as the Space Resource Exploration
and Utilization Act of 2015 by Representative Bill Posey (whose district encompasses
Florida’s space coast launch facilities) and Representative Derek Kilmer of Washington
(home to Planetary Resources). The law specifically states that any US citizen that is
engaged in the commercial recovery of space resources is entitled to ownership of those
resources including their possession, transportation, usage, and sale.30 There is
deliberately no claim of ownership over the celestial body itself but the law does ensure
the protection for space mining companies. In February 2016, Luxembourg, who hosts
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one of the world’s largest satellite companies (and a primary office of Deep Space
Industries), announced its intentions to develop a space mining industry and initiated its
own version of asteroid mining legislation modelled after the US law.31
The Commercial Space Launch Competitiveness Act seems to have established a
legal precedent for space resource extraction. The US Congress took significant steps to
ensure compliance with the Outer Space Treaty and the International Institute of Space
Law issued a position paper asserting that the use of space resources is legal. The
position is similar to the law of the sea that allows for the ownership and usage of caught
fish without any assertion of ownership of the sea itself.32 This certainly seems to clear
the way for mining asteroids in their existing orbits. However, companies who intend to
move asteroids into a more accessible position near Earth may still face some legal
hurdles if they intend to prevent other companies or nations from mining the asteroid that
they went to the expense to move. The sole right to extract materials could be considered
a claim of sovereignty, which would violate the terms of the Outer Space Treaty. In this
case, agreements similar to the rules established by the World Trade Organization that
require the sale of mined goods competitively to all customers would probably suffice to
eliminate any significant legal challenge.
CONCLUSION
Successful exploration missions by government agencies have demonstrated
many of the critical technologies to access asteroidal materials. While recovering these
resources on a commercial scale is likely still decades away, the early efforts to develop
the necessary technologies appear promising. Using these resources to augment the
terrestrial mineral supply may provide some value, but the real benefits will be realized
by providing raw materials on orbit. As the commercial space industry continues to grow
there will be increasing demand for materials in space to reduce launch costs and allow
mankind to push deeper into the solar system. The near future holds the possibility of an
off-planet economy where materials are gathered from celestial bodies and converted into
useable products having never entered the atmosphere of the Earth. That revolution will
be a true hallmark of 21st century mining.

1

National Aeronautics and Space Administration (NASA), “Asteroids: In Depth,” from NASA Home Page
at “Planets: Asteroids,” http://solarsystem.nasa.gov/planets/asteroids/indepth (accessed May 7, 2016).

2

Matthew Shaer, “The Miner’s Guide to the Galaxy,” Foreign Policy.com, May/June 2016,
http://foreignpolicy.com/2016/04/28/the-asteroid-miners-guide-to-the-galaxy-space-race-mining-asteroidsplanetary-research-deep-space-industries/ (accessed May 7, 2016).
3

Kevin Bonsor, “How Asteroid Mining Will Work,” November 10, 2000, HowStuffWorks.com,
http://science.howstuffworks.com/asteroid-mining.htm (accessed May 7, 2016).

4

Massachusetts Institute of Technology, “Asteroid Mining,” from Massachusetts Institute of Technology
Webpage, http://web.mit.edu/12.000/www/m2016/finalwebsite/solutions/asteroids.html (accessed May 7,
2016).
5

“Mining the Sky,” from Deep Space Industries Homepage at “Space Resources,”
https://deepspaceindustries.com/space-resources/ (accessed May 7, 2016).

43

6

“Market for Metals,” from Planetary Resources Homepage at “Asteroids: Markets for Metals,”
http://www.planetaryresources.com/asteroids/market-for-metals/ (accessed May 7, 2016).
7

Massachusetts Institute of Technology, “Asteroid Mining,” from Massachusetts Institute of Technology
Webpage, http://web.mit.edu/12.000/www/m2016/finalwebsite/solutions/asteroids.html (accessed May 7,
2016).
8

“Near Earth Asteroid / NEO Classifications Based on Locations,” from Permanent.com at “NEO Location
Classes,” http://permanent.com/apollo-amor-aten-near-earth-asteroids.html (accessed May 7, 2016).
9

National Aeronautics and Space Administration, “NEAR Program,” from Discovery Homepage at
“Missions:NEAR,“ http://discovery.nasa.gov/near.cfml (accessed May 7 ,2016).

10

Michael Slezak, “Space Mining: The Next Gold Rush,” New Scientist 217, issue 2903 (Mar 2, 2013): 810.
11

National Aeronautics and Space Administration, “Hayabusa,” from NASA Science Homepage at
“Missions:Hayabusa,” http://science.nasa.gov/missions/hyabusa/ (accessed May 7, 2016).

12

Shaer, “Miner’s Guide.”

13

Planetary Resources Inc., “Planetary Resources’ First Spacecraft Successfully Deployed, Testing
Asteroid Prospecting Technology on Orbit,” July 16, 2016, from Planetary Resources Homepage at
“Asteroids:Arkyd 3,” http://www.planetaryresources.com/2015/07/planetary-resources-first-spacecraftdeployed/ (accessed May 7, 2016).
14

Planetary Resources Inc., “Asteroid Prospecting and Claim,” from Planetary Resources Homepage at
“Asteroids,” http://www.planetaryresources.com/asteroids/#roadmap-asteroid-prospecting-and-claim
(accessed May 7, 2016).
15

Planetary Resources Inc., “Targets of Interest,” from Planetary Resources Homepage at “Asteroids,”
http://www.planetaryresources.com/asteroids/#asteroid-targets (accessed May 7, 2016).
16
Deep Space Industries, “Prospector-X,” from Deep Space Industries Homepage at “Prospector-X,”
https://deepspaceindustries.com/prospector-x/ (accessed May 7, 2016).
17

“Mining the Sky,” from Deep Space Industries Homepage at “Space Resources,”
https://deepspaceindustries.com/space-resources/ (accessed May 7, 2016).
18

M. J. Sonter, “The Technical and Economic Feasibility of Mining the Near-Earth Asteroids,” Space
Future.Com, 1996,
http://www.spacefuture.com/archive/the_technical_and_economic_feasibility_of_mining_the_near_earth_a
steriods.shtml (accessed May 7, 2016).
19

Shaer, “Miner’s Guide.”

20

Planetary Resources, Inc., “Asteroid Composition,” from Planetary Resources Homepage at “Asteroids,”
http://www.planetaryresources.com/asteroids/#asteroids-types-of-asteroids (accessed May 7, 2016).

21
Smithsonian Institution, “Fuel Cell Basics,” Smithsonian Institution Webpage,
http://americanhistory.si.edu/fuelcells/basics.htm (accessed May 7, 2016).
22

There is a long-standing debate on the use of the terminology of “in orbit” versus “on orbit.” Typically,
objects are “in orbit” while actions occur “on orbit.” Therefore, a space station is in orbit but experiments

44
conducted there are done on orbit. Additionally, when used as an adjective it is hyphenated so astronauts in
orbit conduct on-orbit experiments.
23

Michael Slezak, “Space Mining: The Next Gold Rush,” New Scientist 217, issue 2903 (Mar 2, 2013): 810.
24

Planetary Resources, Inc., “Market for H2O,” from Planetary Resources Homepage at “Asteroids:
Market for H2O,” http://www.planetaryresources.com/asteroids/market-for-h2o/ (accessed May 7, 2016).
25

Slezak, “Space Mining,” 8-10.

26

Shaer, “Miner’s Guide.”

27

Treaty on Principles Governing the Activities of States in the Exploration and Use of Outer Space,
including the Moon and Other Celestial Bodies, United Nations, 1499th Plenary Meeting (December 19,
1966), accessed at http://www.unoosa.org/oosa/en/ourwork/spacelaw/treaties/outerspacetreaty.html
(accessed May 7, 2016).
28
Agreement Governing the Activities of States on the Moon and Other Celestial Bodies, United Nations,
89th Plenary Meeting, (December 5, 1979), accessed at
http://www.unoosa.org/oosa/en/ourwork/spacelaw/treaties/moon-agreement.html (accessed May 7, 2016).
29

Rachel Riederer, “Whose moon is it anyway?,” Dissent.com, Fall 2014,
https://www.dissentmagazine.org/article/whose-moon-is-it-anyway (accessed May 7, 2016).

30
U.S. Commercial Space Launch Competitiveness Act, Public Law 114-90, 114th Congress (May 21,
2015), accessed at https://www.congress.gov/bill/114th-congress/house-bill/2262/ (accessed May 7, 2016).
31

Jonathan Amos, “Luxembourg to support space mining,” February 3, 2016, BBC.com,
http://www.bbc.com/news/science-environment-35482427 (accessed May 7, 2016).

32

Sagi Kfir, “Is Asteroid Mining Legal?,” from Deep Space Industries Homepage at “Is Asteroid Mining
Legal?,” https://deepspaceindustries.com/is-asteroid-mining-legal/ (accessed May 7, 2016).

45

Strategic Materials Report Endnotes
Introduction
1

David S. Abraham, The Elements of Power: Gadgets, Guns, and the Struggle for a Sustainable future in
the Rare Metal Age, (Yale: Yale University Press, 2015), p 230.

2

The White House, National Security Policy of the United States, Feb 2015, pp 15.

3

Committee on Critical Mineral Impacts on the U.S. Economy, National Research Council of the National
Academies, Minerals, Critical Minerals and the U.S. Economy, (DC: National Academies Press, 2008), p
8.

Strategic Materials Industry Definition
4

U.S. Congress, House, National Defense Authorization Act, 111th Cong., 2nd sess., 2010. H. Doc. 5136,
pp 414, , https://www.gpo.gov/fdsys/pkg/BILLS-111hr5136pcs/pdf/BILLS-111hr5136pcs.pdf, accessed
May 10, 2016
5

Byron Hartle, Assistant Professor Eisenhower School, Strategic Materials Industry Cycle, Adopted from
USGS. Minerals, National Security, Foreign Affairs (The Materials Cycle briefing slide), September 17
2014; and University of Kentucky, Methods of Mining, National Defense University, 2005.

Market Dynamics and Domestic Challenges
6

“Market Structures,” Economics Online, last modified 2016,
http://www.economicsonline.co.uk/Business_economics/Competition_and_market_structures.html,
accessed May 9, 2016.
7

International Monetary Fund, "IMF Primary Commodity Prices," last modified 2016, accessed May 19,
2016, www.imf/org/external/np/res/commod/index/aspx

8

Anglo-American PLC, BHP Billiton, Ltd., Freeport McMoRan Inc., Materion Corporation, Rio Tinto, and
Southern Copper Corporation, 2014 and 2015 Annual Reports and 10Ks, MarketLine Advantage,
http://advantage.marketline.com/, accessed February 2016.
9

Corporación Nacional del Cobre de Chile (CODELCO), 2014 and 2015 Annual Reports, Codelco.com,
https://www.codelco.com/prontus_codelco/site/edic/base/port-en/inversiones.html, accessed April 2016.
10

Michael Porter. Porter’s 5 Forces, http://www.quickmba.com/strategy/porter.shtml, assessed May 10,
2016.
11

Pui-Kwan Tse, “The Mineral Industry of China,” 2013 Minerals Yearbook, United States Geological
Survey, November 2015, p.9.1, http://minerals.usgs.gov/minerals/pubs/country/2013/myb3-2013-ch.pdf
12

U.S. Department of the Interior, “Reclamation Performance Bonds,” Office of Surface Mining
Reclamation and Enforcement, http://www.osmre.gov/resources/bonds/BondsOverview.shtm accessed 19
May 2016
13

“China’s Mining Industry at Home and Overseas – Development, Impacts and Regulation,” The Climate
and Finance Policy Centre, Greenovation: Hub, http://www.ghub.org/cfc_en/wpcontent/uploads/sites/2/2014/11/China-Mining-at-Home-and-Overseas_Main-report2_EN.pdf , accessed 19
May 2016

46

“China to boost land reclamation in mining areas,” China Daily-Xinhua, 01 December 2012,
http://europe.chinadaily.com.cn/business/2012-12/01/content_15977185.htm, accessed 19 May 16

14

15

“Demanding pay, Chinese miners protest over governor's claim,” CNBC, March 13, 2016,
http://www.cnbc.com/2016/03/13/demanding-pay-chinese-miners-protest-over-governors-claim.html
16
“Average Salary for Industry: Coal Mining,” PayScale Human Capital,
http://www.payscale.com/research/US/Industry=Coal_Mining/Salary, accessed May 9, 2016.

17

Zara Zhang, “The Health Status of Migrant Workers in China,” Harvard International Review, 20
January 2014, http://hir.harvard.edu/the-health-status-of-migrant-workers-in-china/

18
“China Corporate Tax Rate 1997-2016,” Trading Economics,
http://www.tradingeconomics.com/china/corporate-tax-rate, accessed May 9, 2016.
19

Amy Fontinelle, “Do U.S. High Corporate Tax Rates Hurt Americans?” Investopedia.com,
http://www.investopedia.com/articles/investing/051614/do-us-high-corporate-tax-rates-hurt-americans.asp,
accessed May 9, 2016.
20

Joseph Khan, “China's Coal Miners Risk Danger for a Better Wage,” New York Times, January 28,
2016, http://www.nytimes.com/2003/01/28/world/china-s-coal-miners-risk-danger-for-a-betterwage.html?pagewanted=all.
21

National Research Council and Institute of Medicine of the National Academies, Committee to Review
the NIOSH Mining Safety and Health Research Program “Mining Safety and Health Research at National
Institute for Occupational Safety and Health (NIOSH),” The National Academies Press, 2007, p. 74-78,
http://www.nap.edu/read/11850/ accessed 19 May 2016.
22

Bureau of Labor Statistics, U.S. Department of Labor, Occupational Outlook Handbook, 2016-17
Edition, Mining and Geological Engineers, http://www.bls.gov/ooh/architecture-and-engineering/miningand-geological-engineers.htm, accessed May 10, 2016.
23

Ibid.

24

Bureau of Labor Statistics, U.S. Department of Labor, Occupational Outlook Handbook, 2016-17
Edition, Materials Engineers, on the Internet at http://www.bls.gov/ooh/architecture-andengineering/materials-engineers.htm, accessed May 9, 2016.
25

Rajive Ganguli, Dr., to CDR Jeremy Hawks, 2016, in the author's possession, Washington DC.

26

Ibid.

27

The Mining Engineering Staff, “The State of Mining Education; what does the future hold for the next
generation?” Mining Engineering Magazine Online, October 2014,
http://me.smenet.org/docs/Publications/ME/Issue/MIN_WebExclusive_Oct.1R1.pdf, accessed, May 10,
2016.
28

29

Ganguli, Personal Interview.

Bureau of Labor Statistics, U.S. Department of Labor, Occupational Outlook Handbook, 2016-17
Edition, Industrial Machinery Mechanics, Machinery Maintenance Workers, and Millwrights,
http://www.bls.gov/ooh/installation-maintenance-and-repair/industrial-machinery-mechanics-andmaintenance-workers-and-millwrights.htm, accessed May 10, 2016.

47

30

Nicholas Wyman, “Why We Desperately Need To Bring Back Vocational Training In Schools” Forbes,
1 Sep 2015. http://www.forbes.com/sites/nicholaswyman/2015/09/01/why-we-desperately-need-to-bringback-vocational-training-in-schools/#338337c0465c, accessed May 11, 2016.
31

The White House. Education: Knowledge and Skills for the Jobs of the Future. Support for Higher Ed.
https://www.whitehouse.gov/issues/education/higher-education, accessed 11 May 2016.

32

Council of Chief State School Officers. “Opportunities and Options: Making Career Preparation Work
for Students”, Washington DC, Nov 2014.
http://www.ccsso.org/Documents/2014/EmbargoedCCSSOTaskForceonCareerReadiness120114.pdf,
accessed May 11, 2016.

National Security and STRATMAT
33

National Research Council. Managing Materials for a Twenty-first Century Military. Washington, DC:
The National Academies Press, 2008. p29.
34

David Humphreys, “New Mercantilism: A perspective on how politics is shaping world metal supply.”
Resources Policy, September 2013, v. 38, issue 3, p342.

35

Ibid., 343-344.

36

Ibid., 344.

37

JianJun Tu. “An Economic Assessment of China’s Rare Earth Policy”. China Brief. 11/5/2010, Vol. 10
Issue 22, p 2-6.

38
T.E. Graedel, et al., “On the Materials Basis of Modern Society”. Proceedings of the National Academy
of Sciences (PNAS). May 19, 2015, Vol. 112, No 20, pp 6295-6300.
39

Ibid.

40

Ibid.

41

Ibid.

42

Roderick G. Eggert, “Critical Minerals and Emerging Technologies”. Issues in Science & Technology.
Summer 2010, Vol. 26 Issue 4, p51.

43

Gene Slowinski; Darin Latimer; Stewart Mehlman. “Dealing with Shortages of Critical Materials.”
Research Technology Management. Sep/Oct2013, Vol. 56 Issue 5, p21.
44

David Humphreys, “New Mercantilism: A perspective on how politics is shaping world metal supply.”
Resources Policy, September 2013, v. 38, issue. 3, pp. 341-49

45

Ibid.

46

Jost Wübbeke, "Rare Earth Elements in China: Policies and Narratives of Reinventing an Industry,"
Resources Policy 38, no. 3 (9, 2013), 384.
47

U.S. Geological Survey. Mineral commodity summaries 2016: U.S. Geological Survey. Commodities
Summaries, Reston: U.S. Geological Survey,
http://minerals.usgs.gov/minerals/pubs/mcs/2016/mcs2016.pdf, 2016.
48

Cindy Hurst, "Japan's Approach to China's Control of Rare Earth Elements," China Brief 11, no. 7
(04/22, 2011), 4,

48

https://nduezproxy.idm.oclc.org/login?url=https://search.ebscohost.com/login.aspx?direct=true&db=tsh&A
N=66344843&site=ehost-live&scope=site.
49

Charles J. Butler, "Rare Earth Elements: China's Monopoly and Implications for U.S. National Security,"
The Fletcher Forum of World Affairs 38, no. 1 (Winter 2014, 2014), 29, 32,
http://search.proquest.com.nduezproxy.idm.oclc.org/docview/1518882079?accountid=12686.
50

Ibid., 31.

51

Ibid., 30.

52

Hurst, Japan's Approach to China's Control of Rare Earth Elements, 6.

53

Ibid.

54

Silberglitt, et al., “Critical Materials.”

55

U.S. Geological Survey, “Mineral Commodities Summary 2016,” USGS,
http://minerals.usgs.gov/minerals/pubs/mcs/2016/mcs2016.pdf, 2016.

56

Massachusetts Institute of Technology, “The Future of Strategic Natural Resources,” Web.mit.edu,
http://web.mit.edu/12.000/www/m2016/finalwebsite/solutions/deposits.html, 2016.
57

Ibid.

58

Silberglitt, et al., “Critical Materials.”

59

Massachusetts Institute of Technology, “The Future of Strategic Natural Resources,” Web.mit.edu,
http://web.mit.edu/12.000/www/m2016/finalwebsite/solutions/deposits.html, 2016.
60

Gareth P. Hatch, “Dynamics in the Global Market for Rare Earths,” GeoScienceWorld,
http://elements.geoscienceworld.org/content/8/5/341, October 2012.

61

Vertical integration is a business construct in which a company's (or State-owned enterprise's
[SOE]) supply chain (or adjacent production phases) is owned by that company (or SOE). Usually, each
member of the supply chain produces a different product or related service to create an end product;
i.e. mineral mining, extraction, beneficiation/refining, smelting, and fabricating within Chinese SOEs. For
more information about vertical integration in China's industries, see Joseph P.H. Fan, Jun Huang, Randall
Morck, and Bernard Yeung, Institutional Determinants of Vertical Integration: Evidence from China, New
York University Stern School of Business, Preliminary Draft, 12 June 2007,
http://people.stern.nyu.edu/byeung/Fan%20Huang%20Morck%20Yeung%202007%2008%2002%20Institu
tional%20Determinants%20of%20Integration%20in%20China.pdf. accessed 19 May 2016
62

Charles O. Bounds, “The Rare Earths: Enablers of Modern Living,” Journal of Minerals,
http://link.springer.com/article/10.1007%2Fs11837-998-0350-2, October 1998.
63

U.S. Geological Survey, “Mineral Commodities Summary 2016,” USGS,
http://minerals.usgs.gov/minerals/pubs/mcs/2016/mcs2016.pdf, 2016. (Calculated import reliance x China
reliance).
64

65

Silberglitt, et al., “Critical Materials.”

Frik Els, “Chinese Rare Earth Giant Born,” Mining.com, http://www.mining.com/chinese-rare-earthgiant-born-62354/, December 16, 2014.

49

Government Involvement in Industry: United States and Abroad
66
Executive Office of the President of the United States, “Assessment of Critical Materiels: Screening
Methodology and Initial Application, “ Subcommittee on the Critical and Strategic Mineral Supply Chains,
National Science and Technology Council (March 2016), iv, https://ndu.blackboard.com/bbcswebdav/pid773196-dt-content-rid1806752_2/courses/ES6721_01_201601_SEM_16/NSTC%20Assessment%20of%20Critical%20Minerals
%20Report%202016-03-16%20FINAL.pdf, accessed April 18, 2016.
67
Strategic and Critical Materials Stockpiling Revision Act of 1979, as amended from the Strategic
Materials and Stockpiling Act of 1939,
http://legcounsel.house.gov/Comps/Strategic%20And%20Critical%20Materials%20Stock%20Piling%20A
ct.pdf, accessed May 7, 2016.
68

Ibid.

69

Bureau of Industry and Security, “National Defense Stockpile Market Impact Committee,” Department
of Commerce, updated 2015, https://www.bis.doc.gov/index.php/other-areas/strategic-industries-andeconomic-security-sies/national-defense-stockpile-market-impact-committee, accessed May 8, 2016.
70

Critical Materials Institute, “What CMI Does,” Ames Laboratory, https://cmi.ameslab.gov/what-CMIdoes accessed May 8, 2016.
71

Office of the Federal Register, “Mines Bureau,” National Archives and Records Administration,
https://www.federalregister.gov/agencies/mines-bureau accessed May 8, 2016.

72

American Mineral Security Act of 2015, S. Bill 993, 114th Congress, 2015-2016 Session, Congressional
Record, https://www.congress.gov/bill/114th-congress/senate-bill/883 accessed May 8, 2016.

73

Robert Guy Matthews. “Permits Drag on US Mining Projects,” The Wall Street Journal, February 8,
2010, http://online.wsj.com/article/SB10001424052748703822404575019123766644644.html, accessed
January 22, 2016.
74
The President’s Council on Environmental Quality, “The National Environmental Policy Act: A Study of
Its Effectiveness after Twenty-five Years,” January 1997 (Washington, D.C.: Council on Environmental
Quality, Executive Office of the President).
75

Chris R. Hamilton, "EPA v. American Mining Jobs: The Obama Administration's Regulatory Assault on
the Economy," testimony before the Subcommittee on Energy and Mineral Resources of the Congressional
Natural Resources Committee Oversight Hearing, http://www.friendsofcoal.org/20131009697/latestnews/epa-v-american-mining-jobs-the-obama-administrations-regulatory-assault-on-the-economy.html,
October 10, 2013.
76

United States Government Accountability Office, “National Environmental Policy Act: Little
Information Exists on NEPA Analyses,” GAO 14-370, April 2014 (Government Printing Office,
Washington, D.C.).
77

National Research Council, Hardrock Mining on Federal Lands. (Washington, DC: The National
Academies Press, 1999).
78
Northwest Mining Association, Written Comments submitted to the President’s Council on
Environmental Quality Draft Guidance on “Improving the Process for Preparing Efficient and Timely
Environmental Reviews under the National Environmental Policy Act,” January 27, 2012.

50

https://www.whitehouse.gov/files/ceq/nwma_final_comments_on_timely_nepa_reviews_1-12.pdf,
accessed 18 January 2016.
79

United States Government Accountability Office, “Hardrock Mining: BLM and Forest Service Have
Taken Some Actions to Expedite the Mine Plan Review Process but Could Do More,” Report to the
Chairman, Committee on Natural Resources, House of Representatives, GAO 16-165, January 2016
(Government Printing Office, Washington, D.C.).

80

Northwest Mining Association, Written Comments submitted to the President’s Council on
Environmental Quality Draft Guidance on “Improving the Process for Preparing Efficient and Timely
Environmental Reviews under the National Environmental Policy Act,” January 27, 2012.
https://www.whitehouse.gov/files/ceq/nwma_final_comments_on_timely_nepa_reviews_1-12.pdf, January
18, 2016.
81

National Mining Association, "Mining Law Reform: Sensible Solutions." National Mining Association.
http://www.nma.org/pdf/072407_Mining_Law_Reform.pdf, accessed January 22, 2016.

82

United States Department of the Interior, “Secretary Salazar Announces Decision to Withdraw Public
Lands near Grand Canyon from New Mining Claims,” Department of the Interior.gov,
http://www.doi.gov/news/pressreleases/Secretary-Salazar-Announces-Decision-to-Withdraw-Public-Landsnear-Grand-Canyon-from-New-Mining-Claims.cfm, accessed January 22, 2016
83

Northwest Mining Association, Written Comments submitted to the President’s Council on
Environmental Quality Draft Guidance on “Improving the Process for Preparing Efficient and Timely
Environmental Reviews under the National Environmental Policy Act,” January 27, 2012.
https://www.whitehouse.gov/files/ceq/nwma_final_comments_on_timely_nepa_reviews_1-12.pdf,
accessed January 18, 2016.
84

Steven Barriger, LtCol USMC et al., “Mining Firm Briefs,” (Seminar 16 Firm Briefings, Industry
Analytics Class, National Defense University, February 17/18 2016).

85

Mike Elliot, "Business risks facing mining and metals 2015-2016", Ernst & Young, 2015.
http://www.ey.com/Publication/vwLUAssets/EY-business-risks-in-mining-and-metals-20152016/$FILE/EY-business-risks-in-mining-and-metals-2015-2016.pdf, accessed March 3, 2016.
86

Latimer Cole, "Massive Need for Miners in the US", Australia Mining, December 14, 2014.
https://australianmining.com.au/news/massive-need-for-miners-in-the-us-2/, accessed May 9, 2016.

87

U.S. Senate Committee on Energy & Natural Resources, “American Mineral Security Act of 2015
(Draft),” Energy.Senate.gov, March 26, 2015, http://www.energy.senate.gov/public/index.cfm/2015/3/theamerican-mineral-security-act-of-2015, accessed April 23, 2016.
88

"Office of the United States Trade Representative." USTR 2016. https://ustr.gov/trade-agreements/freetrade-agreements.

Appendix A
89

Department of Defense, Defense Logistics Agency. "Strategic and Critical Materials 2015 Report on
Stockpile Requirements.” Washington, DC (2015), pp Appendix 1-9.
90

Ibid., 24.

91

Eggert, et al., "Minerals, Critical Minerals," 207.

51

92

Ibid., 165.

93

Ibid.

94

Department of Energy. "Critical Materials Strategy.” Washington, DC (2011), 115.

95

Ibid.

96

The White House, Office of Science and Technology. "Assessment of Critical Minerals: Screening
Methodology and Initial Application.” Report of the National Science and Technology Council,
Subcommittee on Critical and Strategic Mineral Supply Chains of the Committee on Environment, Natural
Resources, and Sustainability. Washington DC, (2016), ix.
97

Ibid.

Appendix B
98

“Africa Geology and Geography,” The Columbia Electronic Encyclopedia, 6th ed. Copyright © 2012,
Columbia University Press. http://www.infoplease.com/encyclopedia/world/africa-geologygeography.html, accessed March 17, 2016.
99

National Intelligence Council, Global Trends 2030: Alternate Worlds, December 2012 (Washington,
D.C.: National Intelligence Council Press), p. v.

100

Ibid.

101
Intelligence Unit, “Manufacturing in Africa: still struggling with the basics,” The Economist.com,
http://country.eiu.com.nduezproxy.idm.oclc.org/article.aspx?articleid=7/, accessed March 17, 2016.
102

Ibid.

103

Ibid., iv-v.

104

Christina Y. Lin, The Rise of Africa in the International Geopolitical Landscape – a U.S. Energy
Perspective. Paper, Berlin: Institut für Strategie- Politik- Sicherheits- und Wirtschaftsberatunt.
105

U.S. Geological Survey, 2015, Mineral commodity summaries 2015: U.S. Geological Survey, p. 196 p.
http://dx.doi.org/10.3133/70140094.
106

Warren Nokleberg and et al., Geology and Nonfuel Mineral Deposits of Greenland, Europe, Russia, and
Northern Central Asia. Reston, VA: U.S. Geological Survey, 2005, p 63.
107

Ibid.

108

Global Insight, "Country Intelligence Report: Mexico," last updated March 27, 2014, Mexico Country
Monitor (April 2014), 6,
http://eds.a.ebscohost.com.nduezproxy.idm.oclc.org/eds/pdfviewer/pdfviewer?vid=1&sid=dbdcccd6-29e74d3d-90f4-3a9b2e02101f%40sessionmgr4005&hid=4103, accessed April 10, 2016.
109

Brendan Marshall, “Facts & Figures of the Canadian Mining Industry 2015,” The Mining Association of
Canada, http://mining.ca/documents/facts-and-figures-2015 accessed April 9, 2016.
110

111

Ibid.

U.S. Geological Survey, 2015, Mineral commodity summaries 2015: U.S. Geological Survey, p. 196,
http://dx.doi.org/10.3133/70140094.

52

112

For data on these countries see the World Bank website at http://data.worldbank.org/region/LAC,
accessed April 14, 2016.
113

Ibid.

114
Marketline Industry Profile, “Metals and Mining in South America: January 2016, “ Report 0206-2106
(January 2016), 21,
http://eds.a.ebscohost.com.nduezproxy.idm.oclc.org/eds/pdfviewer/pdfviewer?vid=1&sid=f947a9d8-b9fa4364-b550-e95556471754%40sessionmgr4003&hid=4210, accessed April 14, 2016.
115

Juan De Onis, “China’s Latin Connection; Eclipsing the U.S.?,” World Affairs, (January/February
2014), 67-68.
116

Ibid.

117

Silberglitt, et al., “Critical Materials.”

118

U.S. Geological Survey, “The Mineral Industry of China,” 2013 Minerals Yearbook,
http://minerals.usgs.gov/minerals/pubs/country/2013/myb3-2013-ch.pdf, July 2015.
119
Richard Silberglitt, “Critical Materials, U.S. Import Dependence, and Recommended Actions,” Rand
Corporation,
http://www.rand.org/content/dam/rand/pubs/research_reports/RR100/RR133/RAND_RR133.pdf, May
2015.
120

Warren Nokleberg, et al. Geology and Nonfuel Mineral Deposits of Greenland, Europe, Russia, and
Northern Central Asia. Reston, VA: U.S. Geological Survey, 2005. P71.
121

Ibid.

122

James Risen, “U.S. Identifies Vast Mineral Riches in Afghanistan,” New York Times, 13 June 2010,
http://www.nytimes.com/2010/06/14/world/asia/14minerals.html, accessed April 11, 2016.
123

Michael Allen McCrae, “Could mining in Iran supplant the country’s oil business?,” Mining.com,
September 29, 2015, http://www.mining.com/can-iran-find-a-substitute-for-oil-in-mining/, accessed April
7, 2016.
124
Marc Howe, “Chinese rare earth domination shakes up regional trade ties,” Mining.com, November 22,
2013, http://www.mining.com/chinese-rare-earth-domination-shakes-up-regional-trade-ties-49812/ ,
accessed April 7, 2016.
125

Risen, “Mineral Riches in Afghanistan.”

126

McCrae, “Mining in Iran?”

127
Cecilia Jamasmie, “Iran goes beyond oil—to sign $5.4bn in mining deals with Italy, France,”
Mining.com, January 25, 2016, http://www.mining.com/iran-goes-beyond-oil-to-sign-5-4bn-mining-dealwith-italy-france/, accessed April 7, 2016.
128

Cecilia Jamasmie, “India mulls key investment to set iron ore plants in Iran,” Mining.com, February 3,
2016, http://www.mining.com/india-mulls-key-investment-to-set-iron-ore-plants-in-iran/, accessed April 7,
2016.
129
Stephen G. Peters, Warren J. Nokleberg, Jeff L. Doebrich, Walter J. Bawiec, Greta Orris, David
M.Sutphin, and David R. Wilburn. Geology and Nonfuel Mineral Deposits in Asia and the Pacific, United

53

States Geological Survey http://pubs.usgs.gov/of/2005/1294/c/OFR2005-1294C.pdf, accessed April 9,
2016.
130

Michael Wasserbauer, “Vibrant Trade Outlook Makes Indonesia Attractive to Foreign Companies,”
Cekindo, February 11, 2016. http://www.cekindo.com/vibrant-trade-outlook-makes-indonesia-attractive-toforeign-companies.html accessed April 6,, 2016.
131

David Shukman. “Agreement reached on deep sea mining,” BBC News, April 25, 2014.
http://education.nationalgeographic.org/encyclopedia/oceania-resources/, accessed April 10, 2016.
132

PWC Mining Report. “Mine 2015: The Gloves Are Off” 2015.
http://www.pwc.com/gx/en/mining/publications/assets/pwc-e-and-m-mining-report.pdf accessed April 9,
2016.
133

Tim Treadgold. “Australia Discovers That Shooting Yourself in the Foot Can Be Quite Painful,” Forbes,
March 1, 2016. http://www.forbes.com/sites/timtreadgold/2016/03/01/indonesia-discovers-that-shootingyourself-in-the-foot-can-be-quite-painful/#2d06eba87990 accessed April 5, 2016.

Appendix C
134

Rare Earth Elements, http://www.rareelementresources.com/rare-earth-elements#.VzeC-ZErKhc,
accessed May 14, 2016.

Appendix D
135

Ryan Gulden, Lt Col, USAF, “Mining Space” (individual research paper for Strategic Materials
Industry, National Defense University, 2016).

