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Cover. The Mountain Pass Mine, San Bernardino County, California, was the only active producer of rare-earth elements (REEs) in the
United States in 2013. The orebody is a tabular carbonatite intrusion and is thought to be the largest REE resource in the United States.
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Conversion Factors

International System of Units to Inch/Pound

Multiply By To obtain
Length
angstrom (A) (0.1 nanometer) 0.003937 microinch
angstrom (A) (0.1 nanometer) 0.000003937 mil
micrometer (im) [or micron] 0.03937 mil
millimeter (mm) 0.03937 inch (in.)
centimeter (cm) 0.3937 inch (in.)
meter (m) 3.281 foot (ft)
meter (m) 1.094 yard (yd)
kilometer (km) 0.6214 mile (mi)
Area
hectare (ha) 2.471 acre
square kilometer (km?) 247.1 acre
square meter (m?) 10.76 square foot (ft?)
square centimeter (cm?) 0.1550 square inch (ft?)
square kilometer (km?) 0.3861 square mile (mi?)
Volume
milliliter (mL) 0.03381 ounce, fluid (fl. oz)
liter (L) 33.81402 ounce, fluid (fl. 0z)
liter (L) 1.057 quart (qt)
liter (L) 0.2642 gallon (gal)
cubic meter (m?®) 264.2 gallon (gal)
cubic centimeter (cm?) 0.06102 cubic inch (in%)
cubic meter (m?) 1.308 cubic yard (yd*)
cubic kilometer (km?) 0.2399 cubic mile (mi?)
Mass
microgram (ng) 0.00000003527  ounce, avoirdupois (0z)
milligram (mg) 0.00003527 ounce, avoirdupois (0z)
gram (g) 0.03527 ounce, avoirdupois (0z)
gram (g) 0.03215075 ounce, troy
kilogram (kg) 32.15075 ounce, troy
kilogram (kg) 2.205 pound avoirdupois (Ib)
ton, metric (t) 1.102 ton, short [2,000 1b]
ton, metric (t) 0.9842 ton, long [2,240 Ib]
Deposit grade
gram per metric ton (g/t) 0.0291667 ounce per short ton (2,000 1b) (0z/T)
Pressure
megapascal (MPa) 10 bar
gigapascal (GPa) 10,000 bar
Density
gram per cubic centimeter (g/cm?) 62.4220 pound per cubic foot (Ib/ft®)
milligram per cubic meter (mg/m?) 0.00000006243  pound per cubic foot (Ib/ft®)
Energy
joule (J) 0.0000002 kilowatthour (kWh)
joule (J) 6.241x 108 electronvolt (eV)
joule (J) 0.2388 calorie (cal)
kilojoule (kJ) 0.0002388 kilocalorie (kcal)




Vi

International System of Units to Inch/Pound—Continued

Multiply By To obtain
Radioactivity
becquerel (Bq) 0.00002703 microcurie (LCi)
kilobecquerel (kBq) 0.02703 microcurie (uCi)
Electrical resistivity
ohm meter (Q2-m) 39.37 ohm inch (Q-in.)
ohm-centimeter (Q2-cm) 0.3937 ohm inch (Q-in.)
Thermal conductivity
watt per centimeter per degree 693.1798 International British thermal unit

Celsius (watt/cm °C)

watt per meter kelvin (W/m-K)

inch per hour per square foot per
degree Fahrenheit (Btu in/h ft? °F)
6.9318 International British thermal unit
inch per hour per square foot per
degree Fahrenheit (Btu in/h ft* °F)

Inch/Pound to International System of Units

Length
mil 25.4 micrometer (um) [or micron]
inch (in.) 2.54 centimeter (cm)
inch (in.) 25.4 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Volume
ounce, fluid (fl. 0z) 29.57 milliliter (mL)
ounce, fluid (fl. 0z) 0.02957 liter (L)
Mass
ounce, avoirdupois (0z) 28,350,000 microgram
ounce, avoirdupois (0z) 28,350 milligram
ounce, avoirdupois (0z) 28.35 gram (g)
ounce, troy 31.10 348 gram (g)
ounce, troy 0.03110348 kilogram (kg)
pound, avoirdupois (Ib) 0.4536 kilogram (kg)
ton, short (2,000 1b) 0.9072 ton, metric (t)
ton, long (2,240 1b) 1.016 ton, metric (t)
Deposit grade
ounce per short ton (2,000 1b) (0z/T) 34.285714 gram per metric ton (g/t)
Energy
kilowatthour (kWh) 3,600,000 joule (J)
electronvolt (eV) 1.602x 107" joule ()
Radioactivity
microcurie (uCi) 37,000 becquerel (Bq)
microcurie (uCi) 37 kilobecquerel (kBq)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

°F=(1.8x°C)+32

Temperature in degrees Celsius (°C) may be converted to kelvin (K) as follows:

K=°C+273.15

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:

°C=(°F-32)/1.8



Datum

Unless otherwise stated, vertical and horizontal coordinate information is referenced to the
World Geodetic System of 1984 (WGS 84). Altitude, as used in this report, refers to distance
above the vertical datum.

Supplemental Information
Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (uS/cm
at 25 °C).

Concentrations of chemical constituents in soils and (or) sediment are given in milligrams per
kilogram (mg/kg), parts per million (ppm), or parts per billion (ppb).

Concentrations of chemical constituents in water are given in milligrams per liter (mg/L),
micrograms per liter (pg/L), nanogams per liter (ng/L), nanomoles per kilogram (nmol/kg),
parts per million (ppm), parts per billion (ppb), or parts per trillion (ppt).

Concentrations of suspended particulates in water are given in micrograms per gram (pg/g),
milligrams per kilogram (mg/kg), or femtograms per gram (fg/g).

Concentrations of chemicals in air are given in units of the mass of the chemical (milligrams,
micrograms, nanograms, or picograms) per volume of air (cubic meter).

Activities for radioactive constituents in air are given in microcuries per milliliter (pCi/mL).

Deposit grades are commonly given in percent, grams per metric ton (g/t)—which is equivalent
to parts per million (ppm)—or troy ounces per short ton (0z/T).

Geologic ages are expressed in mega-annum (Ma, million years before present, or 10° years ago)
or giga-annum (Ga, billion years before present, or 10° years ago).

For ranges of years, “to” and (or) the en dash (“~") mean “up to and including.”
Concentration unit Equals
milligram per kilogram (mg/kg) part per million
microgram per gram (ug/g) part per million
microgram per kilogram (pg/kg) part per billion (10°)

Equivalencies

part per million (ppm): 1 ppm=1,000 ppb=1,000,000 ppt=0.0001 percent
part per billion (ppb): 0.001 ppm=1 ppb=1,000 ppt=0.0000001 percent

part per trillion (ppt): 0.000001 ppm=0.001 ppb=1 ppt=0.0000000001 percent

Metric system prefixes

tera- (T-) 102 1 trillion
giga-(G-)  10° 1 billion
mega- (M-)  10° 1 million
kilo- (k-) 103 1 thousand
hecto- (h-) 102 1 hundred
deka- (da-) 10 1 ten

deci- (d-) 10" 1 tenth

centi- (c-) 102 1 hundredth
milli- (m-) 103 1 thousandth
micro- (u-) 10 1 millionth
nano- (n-) 10° 1 billionth
pico- (p-) 1012 1 trillionth
femto- (f-) 10" 1 quadrillionth
atto- (a-) 10" 1 quintillionth

vii
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Abbreviations and Symbols

APS
FCC

ft
HREE
ICP-MS
10CG
IREL
K,0
KMML
LREE
m
MOFCOM
MRI
MRS
NiMH
ppb
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REE
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TRE
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USGS

American Physical Society
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Rare-Earth Elements

By Bradley S. Van Gosen, Philip L. Verplanck, Robert R. Seal |l, Keith R. Long, and Joseph Gambogi

Abstract

The rare-earth elements (REEs) are 15 elements that
range in atomic number from 57 (lanthanum) to 71 (lutetium);
they are commonly referred to as the “lanthanides.” Yttrium
(atomic number 39) is also commonly regarded as an REE
because it shares chemical and physical similarities and has
affinities with the lanthanides. Although REEs are not rare in
terms of average crustal abundance, the concentrated deposits
of REEs are limited in number.

Because of their unusual physical and chemical
properties, the REEs have diverse defense, energy, industrial,
and military technology applications. The glass industry is
the leading consumer of REE raw materials, which are used
for glass polishing and as additives that provide color and
special optical properties to the glass. Lanthanum-based
catalysts are used in petroleum refining, and cerium-based
catalysts are used in automotive catalytic converters. The
use of REEs in magnets is a rapidly increasing application.
Neodymium-iron-boron magnets, which are the strongest
known type of magnets, are used when space and weight are
restrictions. Nickel-metal hydride batteries use anodes made
of a lanthanum-based alloys.

China, which has led the world production of REEs
for decades, accounted for more than 90 percent of global
production and supply, on average, during the past decade.
Citing a need to retain its limited REE resources to meet
domestic requirements as well as concerns about the
environmental effects of mining, China began placing
restrictions on the supply of REEs in 2010 through the
imposition of quotas, licenses, and taxes. As a result, the
global rare-earth industry has increased its stockpiling of
REEs; explored for deposits outside of China; and promoted
new efforts to conserve, recycle, and substitute for REEs.
New mine production began at Mount Weld in Western
Australia, and numerous other exploration and development
projects noted in this chapter are ongoing throughout
the world.

The REE-bearing minerals are diverse and often complex
in composition. At least 245 individual REE-bearing minerals
are recognized; they are mainly carbonates, fluorocarbonates,
and hydroxylcarbonates (n=42); oxides (n=59); silicates
(n=85); and phosphates (n=26).

Many of the world’s significant REE deposits occur in
carbonatites, which are carbonate igneous rocks. The REEs also
have a strong genetic association with alkaline magmatism.
The systematic geologic and chemical processes that explain
these observations are not well understood. Economic or
potentially economic REE deposits have been found in
(a) carbonatites, (b) peralkaline igneous systems, (c) magmatic
magnetite-hematite bodies, (d) iron oxide-copper-gold (IOCG)
deposits, (e) xenotime-monazite accumulations in mafic gneiss,
(f) ion-absorption clay deposits, and (g) monazite-xenotime-
bearing placer deposits. Carbonatites have been the world’s
main source for the light REEs since the 1960s. lon-adsorption
clay deposits in southern China are the world’s primary source
of the heavy REEs. Monazite-bearing placer deposits were
important sources of REEs before the mid-1960s and may be
again in the future. In recent years, REEs have been produced
from large carbonatite bodies mined at the Mountain Pass
deposit in California and, in China, at the Bayan Obo deposit
in Nei Mongol Autonomous Region, the Maoniuping deposit
in Sichuan Province, the Daluxiang deposit in Sichuan
Province, and the Weishan deposit in Anhui Province. Alkaline
igneous complexes have recently been targeted for exploration
because of their enrichments in the heavy REEs.

Information relevant to the environmental aspects of REE
mining is limited. Little is known about the aquatic toxicity of
REEs. The United States lacks drinking water standards for
REEs. The concentrations of REEs in environmental media are
influenced by their low abundances in crustal rocks and their
limited solubility in most groundwaters and surface waters.
The scarcity of sulfide minerals, including pyrite, minimizes or
eliminates concerns about acid-mine drainage for carbonatite-
hosted deposits and alkaline-intrusion-related REE deposits.
For now, insights into environmental responses of REE mine
wastes must rely on predictive models.
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Introduction

Until recently, the rare-earth elements (REEs) were
familiar to a relatively small number of people, such as chemists,
some geologists, and specialized materials and technology
engineers. In the 21st century, the REEs have gained consider-
able visibility through news media and Internet coverage
because of (a) recognition of the critical, specialized properties
that the REEs contribute in components of our modern tech-
nology, combined with (b) the near monopoly on the production
and supply of the REEs held by one country (China), and
(c) the world’s heavy dependence on this controlled supply
from China (Long, 2011; Tse, 2011; Hatch, 2012a).

Since the late 1990s, China has provided more than
90 percent of the world’s supply of the REEs, on average
(Long and others, 2010; Tse, 2011; Hatch, 2012a). In 2010,
China announced that it intended to reduce its exports of REEs
(Hatch, 2012a). At the same time, the use of REEs in clean
energy and defense technologies was continuing to increase
(Goonan, 2011; Long, 2011; Tse, 2011; Hatch, 2012a). China’s
announcement regarding its REE export quotas raised concerns
among nations that are highly dependent on specialized
technologies, such as Japan, the United States, and members
of the European Union. These countries, as well as the World
Trade Organization, formally protested China’s reduced export
quotas for REEs (Hatch, 2012a), and China agreed in 2014 to
remove the restrictions. Nonetheless, the political and economic
issues surrounding the global supply of REEs in the early 21st
century has given these metals more visibility and a greater
appreciation of their strategic importance than ever before.

As a consequence, exploration activities to discover economic
deposits of REEs and efforts to bring them into production
increased dramatically. One industry analyst stated that, as of
September 2012, during a high period of global exploration for
REE deposits, his company was “tracking a total of 442 rare-
earth projects in progress associated with 270 different
companies in 37 different countries” (Hatch, 2012b).

In recent years, expert panels convened by research
institutes and Government agencies highlighted specific
REEs as raw materials critical to evolving technologies,
such as clean-energy applications, electronics, and high-tech
military components. These reports also suggest that a high
potential exists for disruptions in the supply of these REEs.
As aresult, several expert panel analyses ranked REEs high
on the “criticality” factor of raw materials—that is, high
importance to technologies and economies combined with
high risk for supply disruptions. Recent reports by panels and
agencies tasked to assess the criticality of REEs and other
raw materials include those by the National Research Council
(2008), U.S. Department of Energy (2010, 2011), European
Commission (2014), American Physical Society (APS) Panel
on Public Affairs and Materials Research Society (MRS)
(2011), and the Resnick Institute (2011).

The REEs comprise 15 elements (table O1) that range in
atomic number from 57 (lanthanum) to 71 (lutetium) on the
periodic table of elements. They are commonly referred to as
the “lanthanides.” The REE promethium (atomic number 61)
is not included in discussions of REE deposits because the
element is extremely rare and unstable in nature. Yttrium
(atomic number 39) is commonly regarded as an REE because
it shares chemical and physical similarities and has affinities
with the lanthanides and because it typically occurs in the
same deposits as other REEs.

Traditionally, the REEs are divided into the following
two groups on the basis of atomic weight: (a) the light
REEs (LREESs), which include lanthanum through gado-
linium (atomic numbers 57 through 64), and (b) the heavy
REEs (HREEs), which include terbium through lutetium
(atomic numbers 65 through 71) (table O1). Yttrium, although
light (atomic number 39), is included with the HREE group
because of its common chemical and physical affiliations with
the other HREEs.

Table 01. List of the rare-earth elements found in natural
deposits—the “lanthanides” plus yttrium.

[Average crustal abundance values are from Lide (2004, p. 17); REE, rare-
earth element]

Crustal
oot Syl Al Momle sbunies
million)
Light REEs
Lanthanum La 57 138.91 39
Cerium Ce 58 140.12 66.5
Praseodymium Pr 59 140.91 9.2
Neodymium Nd 60 144.24 41.5
Samarium Sm 62 150.36 7.05
Europium Eu 63 151.96 2.0
Gadolinium Gd 64 157.25 6.2
Heavy REEs

Yttrium Y 39 88.91 33
Terbium Tb 65 158.92 1.2
Dysprosium Dy 66 162.50 5.2
Holmium Ho 67 164.93 1.3
Erbium Er 68 167.26 3.5
Thulium Tm 69 168.93 0.52
Ytterbium Yb 70 173.04 32
Lutetium Lu 71 174.97 0.8

"Promethium (Pm, atomic number=61) is not included in this list because it
is extremely rare in nature.



Most of the REESs are not as rare as the group’s name
suggests. They were named “rare-earth” elements because most
were identified during the 18th and 19th centuries as “earths”
(originally defined as materials that could not be changed
further by the sources of heat), and, in comparison with other
“earths,” such as lime or magnesia, they were relatively rare.
Cerium is the most abundant REE (table O1), and it is actually
more common in Earth’s crust than is copper or lead (Lide,
2004, p. 17). All the REEs except promethium are more
abundant than silver, gold, or platinum in Earth’s crust, on
average (Lide, 2004, p. 17). Thus, REEs are not rare in terms
of average crustal abundance, but concentrated and economic
deposits of REEs are unusual (Adams and Staatz, 1973).

Ore deposits of REEs are found in unusual rock types and
uncommon minerals, as described in the sections that follow.

Uses and Applications

To take advantage of their unusual physical and chemical
properties, the REEs are used in a variety of industrial and
technology applications (Goonan, 2011; Long, 2011). Given
their similar chemical nature, many different REEs have related
or complementary uses; thus, it is more convenient to describe
their uses by application rather than by individual element. In
general, the lighter REEs and yttrium are cheaper, are produced
in greater quantities, and are more extensively used than the
heavier REEs. The least common and most expensive REEs,
from holmium to lutetium, are limited to a very few, highly
specialized, high-technology applications. Goonan (2011)
provided a quantitative study of domestic REE consumption,
including estimated consumption of individual REEs as of
2008, addressed according to consumption categories.

The glass industry is the leading consumer of REE
raw materials (Goonan, 2011), principally for purposes of
glass polishing and as additives to provide color and special
optical properties to glass. Cerium oxide is widely used in
the production of glass types that require a precision polish,
such as flat panel display screens. Cerium is also used to
decolorize glass. Lanthanum and lutetium greatly increase the
refractive index of optical glass. Lanthanum is widely used in
camera lenses, whereas the more expensive lutetium is used in
immersion lithography, which requires a high-refractive index.
Erbium, holmium, neodymium, praseodymium, ytterbium, and
yttrium are used as special colorants and to provide filtering
and glare-reduction qualities for glass. Europium is a common
dopant (doping agent) for optical fibers.

Catalysts are another major use for REEs. They include
lanthanum-based catalysts used in petroleum refining and
cerium-based catalysts used in automotive catalytic converters
(Goonan, 2011). Catalysts enriched in REEs are essential
to cracking (breaking down) heavy hydrocarbon molecules
into smaller molecules, which enables petroleum refineries to
obtain significantly more product per barrel of oil processed.
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Small amounts of neodymium, praseodymium, and yttrium are
used as catalysts in catalytic converters to reduce automotive
carbon monoxide emissions.

Permanent magnets made from alloys of REEs are a
recent, rapidly growing application. Neodymium-iron-boron
magnets are the strongest magnets known; they are used
wherever space and weight are at a premium. Significant
uses include hard disk drives, cell phones, electric motors
for hybrid vehicles and windmills, and actuators in aircraft
(Goonan, 2011; Long, 2011). Lesser amounts of dysprosium,
gadolinium, and praseodymium are also used in these
magnets. Dysprosium is of particular importance because
substituting it for a small portion of neodymium improves
high-temperature performance and resistance to demagne-
tization. Permanent magnets are used in such demanding
applications as electric motors for hybrid cars and wind
turbines. Samarium-cobalt magnets, though less powerful than
neodymium magnets, have better heat tolerance and are used
in lieu of neodymium magnets where heat stress is an issue.

Nickel-metal hydride batteries use a lanthanum-based
alloy for anodes (Kopera, 2004). Found in many rechargeable
consumer products and some hybrid vehicles, these battery
alloys are also a significant application of cerium, neodymium,
praseodymium, and samarium. Demand for REEs in battery
applications is expected to decrease as lithium ion batteries
displace nickel-metal hydride batteries (Anderson and Patifio-
Echeverri, 2009). Nickel-metal hydride batteries in hybrid
electric cars are significant users of lanthanum, however,
employing as much as 10 to 15 kilograms per vehicle.

Cerium, lanthanum, neodymium, and praseodymium,
commonly in the form of a mixed oxide known as mischmetal,
are used in steelmaking to remove impurities, as well as in
the production of special steel alloys (Goonan, 2011). These
REEs, along with yttrium, individually or in combination, are
also used in various special alloys of chromium, magnesium,
molybdenum, tungsten, vanadium, and zirconium.

Many REEs, especially yttrium, cerium, lanthanum, euro-
pium, and terbium, are used individually or in combination to
make phosphors for many types of cathode ray tube and flat
panel display screens, and in some incandescent, fluorescent,
and light-emitting diode lighting (Goonan, 2011; Long, 2011).
Gadolinium phosphors are used in X-ray imaging and various
medical applications, such as magnetic resonance imaging
(MRI). Yttrium, lanthanum, cerium, neodymium, and praseo-
dymium are used as pigments for ceramics.

Rare-earth elements are also used in synthetic gems,
crystals for lasers, microwave equipment, superconductors,
sensors, nuclear control rods, and cryo-coolers. Neodymium
is the active constituent in a popular fertilizer in China.
Significant potential new uses for REEs include their use as
nanofilters and in memory devices, power converters, optical
clocks, infrared decoy flares, and fusion energy. Future
research is likely to find many new uses for the REEs.
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Availability of Supply

China has been the leading producer of REEs for
decades (fig. O1), and since the late 1990s, it has accounted
for more than 90 percent of global production, on average.
When China began restricting the supply of REEs through
the imposition of quotas, licenses, and taxes in 2010,
it cited limited resources for domestic requirements and
environmental concerns as the reasons (Tse, 2011). China’s
restrictions on REEs changed the world rare-earth industry
in several ways, including by fostering increased stockpiling
of REEs; increased exploration and development of deposits
outside of China; and new efforts to conserve, recycle, and
find substitutes for and among the REEs. This is evidenced
by new mine production that began in Australia in 2011 and
in the United States in 2012, and by additional exploration
and development projects in many other countries (Gambogi,
2016). Global reserves of REEs were estimated on a rare-
earth-oxide (REO) basis to be 130 million metric tons and
were led by, in decreasing order of reserves, China, Brazil,
Australia, and India (Gambogi, 2015).

Australia

Heavy-mineral sands produced in Australia contain
significant quantities of REEs; however, monazite has not
been produced from heavy-mineral sands operations since
the 1990s to avoid the concentration of naturally occurring

radioactive minerals, primarily owing to the presence of
thorium in monazite. Lynas Corporation Ltd. of Australia
began production of rare-earth mineral concentrates at its
Mount Weld carbonatite complex in Western Australia in
2011. Shipments of mineral concentrates were delayed until
2013 while processing operations were being commissioned in
Malaysia. Lynas later increased its capacity to produce mineral
concentrates to 22,000 metric tons per year of contained

REO. Other REE projects underway in Australia include

the Nolans Bore property in the Northern Territory and the
Dubbo Zirconia deposit in New South Wales, both of which
were at the advanced feasibility study stage (Gambogi, 2016).
Australia’s reserves of REEs are estimated to be 3.2 million
metric tons of REO (Gambogi, 2015).

China

China’s rare-earth mine production takes place in the
Provinces of Fujian, Guangdong, Hunan, Jiangxi, Shandong,
Sichuan, and Yunnan, and in the Autonomous Regions of
Guangxi and Nei Mongol. The largest mining operation is
Baotou Rare Earth’s Bayan Obo Mine, which produces iron
ore as well as bastnaesite and monazite as the main rare-earth
minerals. REE-bearing ion-adsorption clays are mined in various
locations in the southeastern Provinces. In contrast to bastnaesite
ores, ion-adsorption clays are valued for their medium REE and
HREE content. Reserves of REEs in China are estimated to be
55 million metric tons of contained REO (Gambogi, 2015).
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Figure 01. Graph showing world mine production of rare-earth oxides, by country and year, from
1960 to 2012. The layers of the graph are placed one above the other, forming a cumulative total. Data
are from U.S. Bureau of Mines (1961-96) and U.S. Geological Survey (1997-2016).



The leading export markets for China’s REEs are
Japan, the United States, and France. The supply of REEs
to consumers outside of China is determined not by mine
capacity but by production and export quotas set by China’s
Ministry of Commerce (MOFCOM) and the Ministry of
Industry and Information Technology. Supply concerns were
raised when the MOFCOM set China’s export quota for
the second half of 2010 at 7,976 metric tons (a 64 percent
decrease compared with the quota set in the first half of 2010),
which reduced the total exports for 2010 to 20,258 metric
tons (a 40 percent decrease compared with exports for the
previous year). Following the sudden drop in exports, prices
for rare-earth products in 2010 increased sharply (Ministry of
Commerce 2010a, b). Export quotas for 2011, 2012, and 2013
were set at 30,246 metric tons, 30,996 metric tons, and 30,999
metric tons, respectively. Prices for most rare-earth products
peaked in mid-2011. In 2014, China’s rare-earth export
quotas were 30,611 metric tons, including 27,006 metric tons
for LREEs and 3,605 metric tons for HREEs (Hatch, 2013,
2014). Chinese-owned companies were allocated 74 percent
of the rare-earth products export quota, and joint ventures
with foreign partners were allocated 26 percent of the quota.
Following a World Trade Organization ruling in 2014, China
announced the end of export restrictions on rare earths (Yap,
2015). According to the Ministry of Industry and Information
Technology, the Government has ongoing efforts to reduce
illegal mine production of rare earths, which was estimated to
account for more than 40,000 metric tons of REE production
in a single year (Global Times, 2013).

India

In India, REEs are produced from monazite contained in
heavy-mineral sands. The two Government-owned producers
are the Rare Earth Division of Indian Rare Earths Ltd. (IREL)
and Kerala Minerals and Metals Ltd. (KMML). Heavy-mineral
operations that produce monazite concentrate include IREL’s
Manavalakurichi operation in the State of Tamil (which had a
capacity of 6,000 metric tons per year) and KMML’s Chavara
operation in Kerala State (240 metric tons per year) (Indian
Bureau of Mines, 2015). IREL’s capacity to produce rare-earth
compounds from monazite was limited, but was reported to
be increasing. India’s reserves of REEs are estimated to be
3.1 million metric tons of REO (Gambogi, 2015).

Malaysia

In the Malaysian States of Perak and Selangor,
REE-bearing
monazite and xenotime are recovered from cassiterite mine
tailings, which are referred to by the Malaysian mining
industry as “amang.” Recent monazite production from amang
was less than 500 metric tons per year. Malaysia’s reserves of
REEs are estimated to be 30,000 metric tons of REO, which is
less than 1 percent of global reserves (Gambogi, 2015, 2016).
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Russia

In Russia, loparite mineral concentrates are produced at the
Lovozero mining operation on the Kola Peninsula, Murmanskaya
Oblast; the concentrates are shipped to the Solikamsk magne-
sium plant in Permskiy Kray. Rare-earth-bearing residues from
the Solikamsk plant are exported for recovery of REEs. The
Lovozero operation had the capacity to produce an estimated
3,700 metric tons per year of REOs contained in mineral
concentrates. Within a global total of 130 million metric tons,
Russia’s reserves contributed to the 41 million metric tons of
reserves from other counties (Gambogi, 2015).

United States

From 2012 to 2015, the United States was a leading
producer of rare-earth minerals outside of China. All mine
production of REEs during this period was from Molycorp,
Inc.’s Mountain Pass Mine in San Bernardino County,
California. Mine production at Mountain Pass began in
1952 but was discontinued from 2002 to 2011 because of
low rare-earth prices and environmental permitting issues.

In 2012, Molycorp commissioned new mine and processing
operations that had an initial planned (but never fully realized)
production capacity of 19,000 metric tons per year of REOs.
Because of substantial decreases in the market prices of the
REEs, however, Molycorp idled operations at the Mountain
Pass Mine in 2015. Exploration and development assessment
projects in the United States include Bokan Mountain, Alaska;
La Paz, Arizona; Diamond Creek, Idaho; Lemhi Pass in Idaho
and Montana; Pea Ridge, Missouri; Elk Creek, Nebraska;
Thor Mine, Nevada; Round Top, Texas; and Bear Lodge,
Wyoming. Domestic reserves of REOs were estimated to be
1.8 million metric tons (Gambogi, 2015).

Conservation, Recycling, and Substitution

Concerns about the availability of rare-earth supplies
have stimulated efforts in recycling, substitution, and
improving material efficiencies. These efforts are being led
by the leading consumers of REEs.

In the United States, the Critical Materials Institute (a
partnership of academia, Government, and industry) is working
to diversify production, reduce waste, and develop substitutes
for rare earths. The collaboration is expected to spend up to
$120 million during a period of 5 years to support research
focused on ensuring a reliable supply of rare earths and other
critical materials (U.S. Department of Energy, 2013).

Belgian-based Umicore Group has developed a battery-
recycling program for nickel-metal-hydride (NiMH) batteries
at its new recycling plant in Hoboken, Belgium. After the
separation of nickel and iron, the company plans to process the
REE:s into a high-grade concentrate that would be separated
into rare-earth materials at Rhodia Rare Earth Systems’ plant
at La Rochelle, France (Umicore Group, 2011).
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In the European Union, a consortium is investigating the
extraction of rare-earth metals from permanent magnets in elec-
tric vehicle motors. The project is funded by the German Federal
Research Ministry, and the consortium is led by Siemens AG
(Recycling International, 2011b). German research agency
Fraunhofer Institute for Surface Engineering and Thin Films is
examining the recycling of rare-earth metals from disused light-
metal alloys and from lanthanum from fluid catalytic cracking
(FCC) catalysts (Recycling International, 2011a).

In France, Rhodia formed an alliance with Umicore to
recycle rare-earth minerals from NiMH rechargeable batteries.
Rhodia also planned to recycle rare-earth minerals from low-
energy light bulbs and magnets. By yearend 2012, recycling
plants in La Rochelle and Saint-Fons, Rhone-Alpes Region,
were operational. The company planned to conserve on its
consumption of terbium by using reformulated phosphors
(Recycling International, 2011b, c).

In Japan, Honda Motor Co., Ltd. has been working with
Japan Metals & Chemicals Co. to recapture rare-earth metals
from NiMH batteries. Honda expects to recover 80 percent of
rare-earth metals contained in the used NiMH batteries and
plans to collect the batteries globally (Honda Motor Co., Ltd.,
2013). Japan’s Hitachi, Ltd. is developing methods to recycle
rare-earth magnets from hard disk drives, air conditioners, and
other types of compressors. Hitachi Metals also has acceler-
ated development of reduced-dysprosium sintered magnets
using a dysprosium vapor-deposition and diffusion technology
(Baba and others, 2013, p. 453).

In Vietnam, Japan’s Shin-Etsu Chemical Co., Ltd.
constructed processing plants for the separation of rare earths
and production of rare-earth magnets. The processing plants
enable the recycling of rare-earth magnets used in appliances,
such as air conditioner compressor motors (Showa Denko K.K.,
2010; Shin-Etsu Chemical Co., Ltd., 2014).

Geology
Geochemistry

The REEs are commonly found together in Earth’s crust
because they share a trivalent charge (REEs*") and similar
ionic radii. Exceptions to the trivalent charge are cerium,
which may occur in a Ce** valence state, and europium, which
can exist as Eu?*. The lanthanides (lanthanum to lutetium)
(table O1) have a unique property—with each increase in
atomic number across the group, an electron is added to an
inner incomplete subshell (4/") rather than to an outer level.
This property of selectively filling inner levels results in
a progressive decrease in the ionic radius of the trivalent
lanthanide ions from La** to Lu*" (fig. O2), referred to as
“lanthanide contraction.” The systematic decrease in ionic
radii across the lanthanide group (fig. O2) has two significant
consequences: (a) it affects the fractionation of the REEs to
a high degree, which allows for their individual separation in
geologic environments and in ore processing, and (b) it lends
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Figure 02. Graph showing radii (in nanometers) of the
trivalent (*) ions of the rare-earth elements (REEs) as well as
of cerium in the +4 valence state (Ce*) and europium in the

+2 valence state (Eu?). The graph illustrates the systematic
decrease in the radius of the trivalent REE ions with

increasing atomic number. Data plotted are for coordination
number VIII. Data are from Shannon (1976). Elements, in order
of increasing atomic number: Y, yttrium; La, lanthanum; Ce, cerium;
Pr, praseodymium; Nd, neodymium; Sm, samarium; Eu, europium;
Gd, gadolinium; Tb, terbium; Dy, dysprosium; Ho, holmium; Er,
erbium; Tm, thulium; Yb, ytterbium; Lu, lutetium. Promethium (Pm)
is notincluded in the list because it is extremely rare in nature.

the REEs unusual and useful chemical and physical properties,
such as unique magnetic and (or) optical properties.

In magmatic systems, the high-charge of the REE ions
impedes the ability of these elements to achieve charge balance
and fit into the structure of the common rock-forming minerals,
which have coordination sites best suited for valence states
of 2 or 1. As a result, when common silicate minerals (such
as amphiboles, feldspars, and olivine) crystallize, most of
the REESs tend to remain in the coexisting melt. (In contrast,
europium is often depleted in magmas because it is incorporated
into feldspars owing to its Eu*" valence state.) Successive
generations of this process, referred to as crystal fractionation,
increase the concentrations of REEs in the remaining melt
until individual REE-mineral-rich phases crystallize. In addi-
tion to ionic charge (valence state), factors that can affect the
partitioning of the REEs between a mineral and the coexisting
magma can include temperature, pressure, fluid composition,
magmatic convection, and variation in mineral settling veloci-
ties (Henderson, 1984; McKay, 1989; Kogarko and others,
2006). Elements, such as the REEs, that do not tend to partici-
pate in the early mineral-formation processes are referred to as
incompatible elements. In magmatic systems, other incompat-
ible elements may also include hafnium, niobium, phosphorus,
tantalum, thorium, titanium, scandium, uranium, and zirconium.



Rare-Earth-Element-Mineral Formation in
Carbonatite Magmas

Many of the world’s REE deposits are associated with
carbonatites, which are igneous rocks derived from carbonate-
rich magmas rather than silica-rich magmas. Carbonatites
are defined as igneous rocks with greater than 50 modal
percent carbonate minerals, usually calcite and dolomite,
and, in general, they have the highest REE concentrations
of any igneous rocks (Chakhmouradian and Zaitsev, 2012).
Carbonatite magmas are derived from the mantle, but the
processes responsible for the formation of carbonatite magmas
are in debate. Possible processes responsible for carbonatite
magma generation include (a) primary mantle melts or
(b) evolution from a mantle-derived alkali melt by crystal
fractionation. As the carbonatite magma crystalizes, REEs can
be concentrated in the primary REE mineral phases or they
can become enriched in late-stage magmas or fluids. Late-
stage REE-rich magmas can result in ore-grade REE mineral-
ization that contains very large concentrations of LREEs.

Rare-Earth-Element-Mineral Formation in
Alkaline Magmas

In addition to carbonatites, the REEs have a strong genetic
association with alkaline igneous processes, particularly
peralkaline magmatism. Alkaline igneous rocks crystallize
from silicate magmas and fluids enriched in alkali elements
and precipitate sodium- and potassium-bearing minerals, such
as sodium- or potassium-rich amphiboles and pyroxenes.
Alkaline igneous rocks are typically undersaturated in silica,
and they therefore contain little or no quartz. Peralkaline
igneous rocks, which are defined as those in which the
molecular proportion of aluminum oxide (Al,O,) is less than
that of sodium oxide (Na,O) and potassium oxide (K,0)
combined (that is, A1,O,<Na,O+K 0), are associated with
enrichments in REEs, typically more than most other igneous
rocks.

Rare-Earth-Element-Mineral Formation in
Parental Magma Sources

The REEs occur in modest concentrations in the upper
mantle but by some processes can become highly enriched in
carbonate and alkaline magmas that ascend from the mantle
to the crust (Arzamastsev and others, 2001). A discussion of
what geologic processes separate, enrich, and mobilize REEs
in the upper mantle, ultimately forming ore-grade deposits of
REE minerals in the crust, is beyond the scope of this chapter.
Wyllie and others (1996) provide a comprehensive review
and discussion of many studies that focus on the genesis of
carbonatite magmas and their REE minerals. An overview of
recent research toward REE sources and processes is discussed
by Chakhmouradian and Zaitsev (2012).
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Rare-Earth-Element-Mineral Formation Through
Hydrothermal Processes

The formation of REE minerals in hydrothermal environ-
ments is a less investigated aspect of their formation, but is
discussed by Gieré (1996). The mobilization of the REEs by
hydrothermal processes is summarized by Williams-Jones and
others (2012).

Aqueous Geochemistry of Rare-Earth Elements

With the development of inductively coupled plasma-
mass spectrometry (ICP-MS), analysis of REEs in aqueous
solutions has become routine. As a result, the number of
studies that analyze and interpret REEs has increased substan-
tially in the past 15 years. Similar to many trace metals, the
REEs occur as cations, which generally become less soluble
with increasing pH (Verplanck and others, 2004). The REEs
have a charge of +3, but under oxidizing conditions, cerium
can have a charge of +4. Under reducing conditions, europium
can have a +2 charge, but europium in the +2 oxidation state is
generally limited to high-temperature environments.

The behavior of REEs in aqueous solutions can be described
as a competition between the formation of stable aqueous
complexes and the tendency of REESs to partition to solid phases,
either by adsorption or (co)precipitation. The dominant inorganic
ligands include carbonate, fluoride, hydroxide, phosphate, and
sulfate. Other factors that potentially affect the partitioning
between solid and aqueous phases include the composition
of solid phases, pH, temperature, and redox conditions. The
behavior of REEs in aqueous solutions is particularly relevant
to REE ore deposit genesis in both magmatic and surficial
environments because the stability of aqueous REE complexes
plays an important role in their mobilization, transport,
fractionation, and deposition (Williams-Jones and others,
2012).

Mineralogy

The minerals that contain REEs are numerous, diverse,
and often complex in composition. Jones and others (1996,
appendix A) list 245 individual REE-bearing minerals, which
include silicates (in which category the total number of
REE-bearing minerals is 85); oxides (59); carbonates, fluoro-
carbonates, and hydroxylcarbonates (42); phosphates (26);
arsenates, sulfates, and vanadates (19); halides (6); uranyl-
carbonates and uranyl-silicates (5); and borates (3). Table O2
lists the REE- and yttrium-bearing minerals that historically
have been important ore minerals for these elements.

Bastnaesite (also spelled bastnésite) may be considered
the most important REE mineral because it is the primary
ore mineral of the world’s two largest REE deposits—the
carbonatite deposit at Mountain Pass in California (fig. O3)
and the iron-carbonatite deposits of Bayan Obo in China.
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Figure 03. Photograph of the Mountain Pass Mine in San
Bernardino County, California, which was the only active producer
of rare-earth elements (REEs) in the United States in 2013. The
orebody is a tabular carbonatite intrusion and is thought to be the
largest REE resource in the United States. Molycorp, Inc. (2012),
which owns and operates the mine, reported proven and probable
reserves totaling 16.7 million metric tons of carbonatite ore at

an average grade of 7.98 percent rare-earth oxide (REQ) using a
cutoff grade of 5 percent REQ. The mine was placed on care-and-
maintenance status in 2015. Photograph by Bradley S. Van Gosen.

The orebody of the Mountain Pass Mine—the Sulphide Queen
carbonatite—contains about 10 to 15 percent bastnaesite and
lesser amounts of parisite (Castor and Nason, 2004).

In carbonatites, REE mineral assemblages can be
categorized by mineral-forming process into the following
three groups (Mariano, 1989; Chakhmouradian and Zaitsev,
2012): (a) primary magmatic mineralization in carbonatites
(Mountain Pass, Calif.), (b) hydrothermal-metasomatic
mineralization (Bayan Obo, China), and (c) supergene
mineralization (Mount Weld in Western Australia, Australia,
and Araxa in the State of Minas Gerais, Brazil). The principal
REE minerals in carbonatites are fluorocarbonates (bastn-
aesite, parisite, synchysite), hydrated carbonates (ancylite),
and phosphates (monazite). Less abundant REE minerals in
carbonatites include REE-bearing britholite, burbankite, and
fluorapatite (table O2). Most carbonatites display a multiphase
petrogenetic evolution, including hydrothermal overprinting of
primary phases; thus, mineralogical and textural characteris-
tics can vary and be complex.

Bastnaesite is typically the most significant source
of REEs in carbonatite-related deposits, such as at
Mountain Pass (California) and Bear Lodge (Wyoming) in
the United States, and Bayan Obo (Nei Mongol Autonomous
Region), Maoniuping (Sichuan Province), Daluxiang (Sichuan
Province), and Weishan (Anhui Province) in China (fig. O4).
Mariano (1989) notes that strong enrichments in the LREEs
occur in carbonatite deposits in which the dominant ore
mineral is bastnaesite. Mariano (1989) states that bastnaesite
of hydrothermal origin typically occurs as fine-grained fibrous

or platy masses in vugs, microfractures, and veinlets, which
are commonly associated with, in general order of abundance,
quartz, fluorite, strontianite, barite, and hematite. Ancylite is
an indicator of secondary carbonate hydrothermal processes;
it is found intergrown with strontianite in altered carbonatites
(Mariano, 1989). The REE ore minerals in the intensely
altered, upper oxidized zones of the Bear Lodge deposit are
minerals of the bastnaesite group, plus cerianite (table O2)
and locally abundant monazite (Dahlberg, 2014).

The vast majority of peralkaline REE deposits display
complex petrogenetic evolution, which can result in variable
mineralogy and intricate textures. Important REE-yttrium-
bearing minerals in peralkaline deposits can include, in
general order of abundance, fluorapatite (fluorine-rich apatite),
eudialyte, loparite, xenotime, monazite, gadolinite, bastnaesite,
parisite, synchysite, kainosite, mosandrite, britholite, allanite,
brannerite, thalenite, iimoriite, and fergusonite (table O2).

In general, REE mineralization in peralkaline intrusions is
typically more enriched in the HREESs than is the case with
carbonatite-hosted deposits (fig. O5). Complex ore mineralogy
with hydrothermal overprinting of primary magmatic phases
is typified by the peralkaline dikes at Bokan Mountain on
Prince of Wales Island in southeastern Alaska, in which
more than 20 REE-yttrium-bearing minerals representing
multiple generations have been identified (Barker and Van
Gosen, 2012; Dostal and others, 2014). As another example,
45 REE-bearing minerals have been identified in the Khibiny
alkaline complex in Murmanskaya Oblast’, northwestern
Russia (Chakhmouradian and Zaitsev, 2012).

In metamorphic deposits, common REE-yttrium-bearing
minerals are the phosphate minerals xenotime and monazite.
Examples in gneiss occur in the Music Valley area of the
northern part of Joshua Tree National Park in Riverside
County, Calif. (Evans, 1964; Long and others, 2010).

The primary REE-rich minerals within magmatic
magnetite-hematite deposits are REE-bearing fluorapatite
along with xenotime and monazite. Examples of massive
magnetite-hematite deposits with REE-bearing fluorapatite,
xenotime, and monazite as accessory minerals are the Pea
Ridge iron deposit in Washington County, Mo., and iron
deposits of the Mineville iron district in Essex County, New
York (both districts are summarized in Long and others, 2010).

Nepheline syenite complexes in the Kola Peninsula
region of Murmanskaya Oblast’ in far northwestern Russia
have been mined for their enrichments in niobium and REEs;
the REEs occur mainly in loparite (table O2), which is a
mineral of the perovskite group. This loparite reportedly
contains more than 30 weight percent REO and is strongly
enriched in the LREEs compared with the HREEs (Mariano,
1989; Chakhmouradian and Mitchell, 1998).

Deep weathering of REE-bearing alkaline igneous rocks
or carbonatite in humid tropical climates with moderate to
high rainfall can form thick laterite zones; these laterites can
contain economic accumulations of residual REE minerals,
depending on the underlying lithology. Examples of REE
minerals that occur in the intensely weathered zone (laterite)
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Table 02. List of selected rare-earth-element-bearing and
yttrium-bearing ore minerals.

[Source: Jones and others (1996, Appendix A)]

Mineral name'

Chemical formula

Allanite
Ancylite
Bastnaesite
Brannerite
Britholite
Burbankite
Cerianite-(Ce)
Eudialyte
Fergusonite-(Y)
Florencite
Fluorapatite
Gadolinite
Gorceixite
Goyazite
Iimoriite-(Y)
Kainosite
Loparite-(Ce)
Monazite
Mosandrite
Parisite
Rhapdophane
Synchysite
Thalenite-(Y)

Xenotime

(REE,Ca,Y),(AlFe*),(Si0O,),(OH)
Sr(REE)(CO,),(OH)*H,0

(REE)(CO,)F

(U,Ca,Y,REE)(Ti,Fe),0,
(REE,Ca,Th)(Si0O,,PO,),(OH,F)
(Na,Ca),(Sr,Ba,Ce),(CO,),

(Ce*,Th)O,

Na,(Ca,REE) (Fe**,Mn,Y)ZrSi O, (OH,CI),
YNbLO,

(REE)AL(PO,),(OH),
(Ca,REE,Na),(PO,),(F,OH)
(REE,Y),Fe*Be,Si,0,,
(Ba,REE)AL(PO,),(OH,*H,0)
(Sr,REE)AL(PO,),(OH.*H,0)
Y,SiO,CO,
Ca,(Y,REE),Si,0,,CO,*H,0
(Na,Ce,La,Ca,Sr)(Ti,Nb)O,
(REE,Th)PO,

(Ca,Na,REE) ,(Ti,Zr),Si,0, H.F,
Ca(REE),(CO,),F,
(REE)PO,+H,0
Ca(REE)(CO,),F

Y,Si,0, OH

YPO

4

' A more-extensive list that includes 245 individual rare-carth-element-
bearing minerals is provided in Jones and others (1996, appendix A).

include, in order of abundance, monazite, rhapdophane,
crandallite-group minerals (florencite, gorceixite, goyazite),
and cerianite; these are secondary rather than primary phases
(Mariano, 1989). Examples of thick residual REE deposits
(that is, more than 100 meters [m] thick) occur at the Araxa
deposit, which overlies the Barreiro carbonatite complex in
the State of Minas Gerais, Brazil; the Cataldo I carbonatite
complex in the State of Goias, Brazil; and the Mount Weld
carbonatite in Western Australia, Australia.

Monazite is the dominant REE mineral in sediments
derived from the erosion of igneous or high-grade metamor-
phic rocks. These sediments are deposited in fluvial (stream
and river) environments and coastal areas. Monazite is dense
and resistant to chemical and physical weathering. For these

reasons, more than any other REE mineral, monazite survives
the arduous trip from a bedrock source to its deposition in a
stream, river, or shore area. Monazite is the principal REE
mineral recovered by placer mining operations, particularly
in coastal deposits.

Deposit Types

Deposits of REEs occur in diverse, generally uncommon
geologic settings. The discussion that follows does not attempt
to encompass all the many subeconomic geologic occurrences
in which REEs have been found (such as those described
by Mariano and Mariano, 2012). As noted earlier, REEs are
quite common, but not often in economic concentrations.

The economic or potentially economic REE deposits occur
primarily in the following geologic settings:

 Carbonatites

* Peralkaline igneous systems

* Magmatic magnetite-hematite bodies

* Iron oxide-copper-gold (IOCG) deposits

» Xenotime-monazite accumulations in mafic gneiss
* Jon-absorption clay deposits

» Monazite-xenotime-bearing placer deposits

Carbonatites. Carbonatites have been the world’s main
source for the LREEs since the 1960s. In 2016, REEs were
being produced from large carbonatite bodies mined in
China (Bayan Obo, Maoniuping, Daluxiang, and Weishan
deposits) (table O3; fig. O4). Carbonatite intrusions occur
in a variety of forms and carbonate compositions. Forms
include stocks, tabular bodies, dikes, irregular-shaped masses,
and veins. Carbonatites vary in composition from calcic
(calcite-dominant; originally called soviet), to dolomitic
(dolomite-dominant; called beforsite), to iron-carbonate (rich
in ankerite [Ca(Mg,Fe,”"Mn)(CO,),] or siderite [Fe**CO;]).
Calcite and dolomite can also occur in roughly equal propor-
tions. Carbonate composition can vary complexly across an
individual carbonatite intrusion, such as is displayed in the
Sulphide Queen carbonatite at Mountain Pass (Olson and
others, 1954; Castor, 2008). Cross-cutting relations, miner-
alogy, and geochemistry have shown that carbonatite masses
and dikes of different mineralogy and chemistry in a single
district can represent multiple, discrete episodes of carbonate
magma intrusion (Yang and others, 2010).

As noted earlier, in carbonatite deposits, the primary REE
ore minerals are bastnaesite, parisite, and synchysite, ancylite,
and monazite. Primary gangue (non-ore) minerals are carbonate
minerals (calcite, dolomite, ankerite, siderite), which may be
accompanied by aegerine-augite, barite, fluorite, fluorapatite,
hematite, magnetite, phlogopite, quartz, and (or) strontianite.
Accessory minerals—monazite, perovskite, pyrochlore, and
thorite—are the most common uranium- and thorium-rich phases.



The geology and mineralogy of the world’s largest REE
deposit and leading producer of LREEs—the Bayan Obo
iron-carbonatite deposit in Nei Mongol Autonomous Region,
China—are described by Yuan and others (1992), Xu and
others (2010), Yang and others (2010, 2011), Kynicky and
others (2012), and Verplanck and others (2014). The Bayan
Obo deposit is a complex irregular mass of mixed iron
deposits and carbonatite. Two other REE producers in China
are hosted by carbonatites—the Maoniuping deposit and the
Daluxiang deposit, both in Sichuan Province. Other carbon-
atites in China are described by Yang and Woolley (2006),
Xu and others (2008, 2010), and Kynicky and others (2012).

1,000,000
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The largest REE deposit in the United States is the
Sulphide Queen carbonatite in Mountain Pass, Calif; this is
the only known carbonatite where the REE ore minerals—
bastnaesite and parasite—are interpreted to have crystallized
directly from the magma (Mariano, 1989; Castor, 2008). In
other carbonatites, the REE-bearing minerals are interpreted
to have formed by late-phase hydrothermal processes. Another
type of REE enrichment in carbonatite systems—supergene
processes—involves deep weathering of a carbonatite in tropical
environments, which forms an REE-enriched laterite deposit.
Examples of thick laterites with economic accumulations of
residual REE minerals are the Araxa deposit that overlies the
Barreiro carbonatite complex in Brazil; the Cataldo I carbonatite
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—=&— Music Valley deposit—Monazite-xenotime-biotite gneiss

—#— Bokan Mountain deposit—Peralkaline igneous dikes and veins

—&— Thor Lake/Nechal

ho d it
|

Peralkaline igneous intrusion
—m— Foxtrot project deposit—Mineralized, metamorphosed felsic volcanics
—a— Bear Lodge deposit—Hydrothermally altered carbonatite

—=o— Mountain Pass deposit—Magmatic carbonatite

Figure 05. Chondrite-normalized plot showing the rare-earth-element (REE) distribution in six
different types of North American REE deposits. The example deposits are located in Music
Valley, California; Bokan Mountain, Alaska; Nechalacho (Thor Lake), Northwest Territories,
Canada; Foxtrot project, Newfoundland and Labrador, Canada; Bear Lodge, Wyoming; and
Mountain Pass, Calif. Notice the higher enrichments in the heavy REEs associated with
peralkaline deposits, represented by the Bokan Mountain and Thor Lake deposits. Data for
the Bear Lodge, Bokan Mountain, Mountain Pass, and Music Valley deposits are from author
samples; Foxtrot project data are from Srivastava and others (2012); Thor Lake data are from
Avalon Rare Metals Inc. (2015). Elements: La, lanthanum; Ce, cerium; Pr, praseodymium;

Nd, neodymium; Sm, samarium; Eu, europium; Gd, gadolinium; Th, terbium; Dy, dysprosium;
Ho, holmium; Er, erbium; Tm, thulium; Yb, ytterbium; Lu, lutetium; Y, yttrium
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Table 03. Active rare-earth mines, by deposit type.

[Mt, million metric tons; REE, rare-earth element; Y, yttrium; REO, rare-earth oxide; NA, not available; —; none reported]
Reported Reported grade
. . (total REE+
Deposit Location resource L Comment Reference(s)
(M) Y oxide, in
weight percent)
Carbonatites
Bayan Obo Nei Mongol 800 6 Estimated resource in the total Berger and others
Autonomous deposit, not subdivided (2009)
Region, China
Daluxiang Sichuan, China 152 5.0 About 0.76 Mt (estimated) Hou and others (2009)
(Dalucao) of REOs
Maoniuping Sichuan, China 50.2 2.89 REO content of reserves is estimated Xu and others (2008);
to be more than 1.45 Mt Hou and others
(2009); Xie and
others (2009)
Weishan Shandong, China — — Tonnage and grade information NA
are not available
Mountain Pass California, 16.7 7.98 Resource represents proven and Molycorp, Inc. (2012)
United States probable reserves using a cutoff
grade of 5 percent REO. Placed
on care-and-maintenance status
in 2015.
Mount Weld Western Australia, 23.9 7.9 Tonnage represents the estimated Lynas Corporation Ltd.
Australia combined total mineral resource (2012)

as of January 2012 for two
deposits at Mount Weld—the
Central Lanthanide deposit and
the Duncan deposit

Peralkaline igneous

Karnasurt Mountain,
Lovozero deposit

Northern region,
Russia

Loparite concentrate contains
30 to 35 percent REO

Zaitsev and Kogarko
(2012)

Heavy-mineral sand deposits

Buena Norte East coast of Brazil — — Historic and active producer NA
mining district of REEs from monazite in
coastal sands
lon-adsorption clay deposits
Dong Pao Mine Vietnam — — Mine is reportedly in a late stage NA
of development. Laterite clays
overlie syenite intrusions
South China clay Jiangxi, Hunan, Fujian, — About 0.05  Numerous small mines. Little ore Clark and Zheng
deposits Guangdong, and to 0.4 information is available. Best (1991); Bao and
Guangxi Provinces, source of data may be Chi and Zhao (2008);
southern China Tian (2008) Chi and Tian (2008)




complex in Brazil; and the Mount Weld carbonatite in Australia.
Laterite-hosted REE deposits are unknown in the United States.

Some carbonatite intrusions are important sources of
niobium, which is hosted primarily in the mineral pyrochlore
[(Na,Ca),Nb,O,(OH,F)]. More than 90 percent of the world’s
supply of niobium comes from laterite deposits that are several
hundred meters in thickness and that overlie the Barreiro
carbonatite complex near Araxa (Papp, 2011). The niobium-
rich laterites at Araxa are now being evaluated for the recovery
of REEs as a byproduct of niobium production. The largest
identified niobium resource in the United States is the buried
Elk Creek carbonatite in southeastern Nebraska (table O4;

Xu, 1996; Carlson and Treves, 2005).

Peralkaline igneous systems. Peralkaline igneous systems
are inherently enriched in REEs, in some instances hosting
high-grade deposits. Peralkaline igneous complexes have
been targeted by recent exploration (fig. O4) because of their
enrichments in the HREEs (fig. O5).

Alkaline igneous rocks make up a large grouping of rock
types that are generally deficient in silicon dioxide (SiO,)
relative to Na,O, K O, and calcium oxide (CaO). As noted
earlier, peralkaline igneous rocks are a subclass of alkaline
rocks, defined as those in which the molecular proportion of
ALO,<Na,0+K,0.

Peralkaline igneous systems enriched in REEs come in a
variety of forms, such as the following:

» Complexes exhibiting vertical and lateral zonation:
(a) Kipawa complex, Quebec, Canada (Saucier and
others, 2012); (b) Strange Lake complex, Quebec and
Labrador, Canada (Quest Rare Minerals Ltd., 2012);
(¢) Nechalacho (Thor Lake), Northwest Territories,
Canada (Avalon Rare Metals Inc., 2015); (d) Kutessay 11
project, Chuy Oblusu, Kyrgyzstan (Stans Energy Corp.,
2015); and (e) Tantalus Rare Earths (TRE) project,
northern Madagascar (Tantalus Rare Earths AG, 2013).

» Complexes exhibiting layering: (a) Lovozero complex,
Murmanskaya Oblast’, Russia (Féménias and others,
2005; Kogarko and others, 2006; Chakhmouradian and
Zaitsev, 2012), and (b) Ilimaussaq complex (includes
the Kvenfjeld, Serensen, and Zone 3 deposits),
Kommune Kujalleq, Greenland (Greenland Minerals
and Energy Ltd., 2012).

» Dikes and veins associated with peralkaline igneous
complexes: (a) Bokan Mountain, Alaska (Robinson
and others, 2011); (b) Hastings project, Western
Australia, Australia (Hastings Rare Metals Ltd., 2015);
and (c) Hoidas Lake deposit, Saskatchewan, Canada
(Star Minerals Group Ltd., 2014).

* Plutons, stocks, plugs, and other peralkaline intrusions:
(a) Norra Kérr deposit, Jonkdpings 1an, Sweden (Tasman
Metals Ltd., 2012); (b) Dubbo Zirconia project, New
South Wales, Australia (Alkane Resources Ltd., 2015);
(¢) Two Tom deposit, Labrador, Canada (Daigle, 2012);
(d) at Ghurayyah in Tabuk Province, Saudi Arabia; and
(e) at Khaldzan-Buregtey in Hovd Aymag, Mongolia.

Geology 013

Peralkaline igneous rock types in REE-bearing systems
can vary considerably from deposit to deposit; thus, it is
difficult to generalize which peralkaline lithologies are
consistently associated with REE deposits. The advanced
exploration projects (current as of 2012), which are listed
in table O4 and the locations of which are shown in fig. O4,
indicate significant REE mineralization of 0.3 to 2.6 percent
total REO in alkali granites, nepheline syenite, syenite,
and trachyte. Peralkaline igneous rocks are typically more
enriched in REEs, especially HREEs, than their silica-rich
igneous counterparts. Still, the processes of REE transport
and enrichment in peralkaline systems remain poorly
understood (Chakhmouradian and Zaitsev, 2012). The recent
increase of exploration and drilling into peralkaline systems
(table O4) is expected to provide a better characterization of
these deposits.

The uncommon mineralogy of peralkaline-related REE
deposits is summarized in the Mineralogy section of this
chapter and described by Chakhmouradian and Zaitsev (2012).
The mineralogies encountered in REE ores in peralkaline
igneous systems present challenges in ore processing. Routine
metallurgical methods for processing these types of ores do
not exist; procedures are developed on a deposit-by-deposit
basis. The ore processing must be efficient and economic,
employing methods that effectively liberate the diverse REE
minerals, then sequentially separate and concentrate the indi-
vidual REEs. A peralkaline igneous deposit can contain more
than 20 REE-bearing minerals. Additionally, the intergrown
REE minerals can occur in a variety of compositions, such as
carbonates, oxides, phosphates, and silicates.

Magmatic magnetite-hematite bodies. Magmatic
magnetite-hematite bodies can contain REE-bearing minerals,
with the potential to recover the REEs as a byproduct during
iron mining. Examples are deposits in the Pea Ridge iron
district in southeastern Missouri and the Mineville iron district
in upstate New York (Long and others, 2010).

The Pea Ridge magnetite-hematite orebody is hosted by
Mesoproterozoic volcanic rocks of the St. Francois terrane of
southeastern Missouri. The magnetite-rich body is interpreted
as a high-temperature, magmatic-hydrothermal deposit (Sidder
and others, 1993) in ash-flow tuffs and lavas, which may have
formed in the root of a volcanic caldera (Nuelle and others,
1991). Four REE-bearing breccia pipes steeply crosscut the
magnetite-hematite orebody and the altered rhyolite host rock.
Exposed portions of the breccia pipes are as much as 60 m
(197 feet [ft]) in length and as much as 15 m (49 ft) in width;
the pipes extend below the mined levels to an undetermined
depth (Seeger and others, 2001). Identified REE-bearing
minerals in the breccia pipes are monazite, xenotime, and
minor amounts of bastnaesite and britholite. According to
Seeger and others (2001, p. 2), “total REO concentrations of
grab samples [of breccia] range from about 2.5 to 19 weight
percent.” Mine tailings on the surface contain additional
lanthanide resources, primarily in fine-grained REE-bearing
minerals, chiefly monazite and xenotime, which form inclu-
sions within apatite (Vierrether and Cornell, 1993).
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Table 04. Advanced rare-earth-element (REE) exploration projects and the reported estimates of their REE resources, by deposit type.

[Mt, million metric tons; t, metric ton; %, percent; TREO, total rare-earth oxide. Chemical elements: Ag, silver; Au, gold; Cu, copper; Dy, dysprosium;
Mo, molybdenum; Nb, niobium; REE, rare-earth element; U, uranium; Zr, zirconium]

Deposit Location Reported resources Reference(s)
Carbonatites
Araxa Minas Gerais, Measured and indicated resources=6.34 Mt at 5.01% TREO; MBAC Fertilizer Corp.
Brazil inferred resources=21.94 Mt at 3.99% TREO (2012)

Ashram project
(formerly Eldor
project)

Bear Lodge

Cummins Range

Elk Creek

Glenover project

Lavergne-Springer
property

Lofdal project

Montviel project

Quebec, Canada

Wyoming,
United States

Western Australia,
Australia

Nebraska,
United States

South Africa
Ontario, Canada
Namibia

Quebec, Canada

Measured resources=1.59 Mt at 1.77% TREO;
indicated resources=27.67 Mt at 1.9% TREO;
inferred resources=219.8 Mt at 1.88% TREO

Measured and indicated resources = 16.3 Mt at 3.05% TREO;

inferred resources = 28.9 Mt at 2.58% TREO
Inferred resources=4.9 Mt at 1.74% TREO

Indicated resources = 80.5 Mt at 0.71% Nb oxide;

inferred resources = 99.6 Mt at 0.56% Nb oxide;

REE resources exist, but are not estimated

Indicated resources=16.78 Mt at 1.45% TREO;
inferred resources=12.14 Mt at 0.98% TREO

Indicated resources=4.2 Mt at 1.14% TREO;
inferred resources=12.7 Mt at 1.17% TREO

Indicated resources=0.90 Mt at 0.62% TREO;
inferred resources=0.75 Mt at 0.56% TREO

Indicated resources=82.4 Mt at 1.51% TREO;
inferred resources=184.2 Mt at 1.43% TREO

Commerce Resources Corp.
(2016)

Dahlberg (2014, p. 1-5, 1-8)

Hatch (2015)

Pittuck and others (2015,
p. 150)

Galileo Resources PLC
(2015)

Hatch (2015)

Namibia Rare Earths Inc.
(2012)

GéoMégA Inc. (2015)

Mrima Hill Kenya Measured and indicated resources=48.7 Mt at 4.40% TREO;  Pacific Wildcat Resources
inferred resources=110.7 Mt at 3.61% TREO Corp. (2013)
Ngualla Tanzania Measured resources=81 Mt at 2.66% TREO; Peak Resources Ltd. (2013)
indicated resources=94 Mt at 2.02% TREO;
inferred resources=20 Mt at 1.83% TREO
Nolans Bore Northern Territory, =~ Measured resources=4.3 Mt at 3.3% TREO; Arafura Resources Ltd.,
Australia indicated resources=21 Mt at 2.6% TREO; (2014)
inferred resources=22 Mt at 2.4% TREO
Sarfartoq Greenland Indicated resources=5.884 Mt at 1.77% TREO; Hudson Resources Inc.
inferred resources =2.459 Mt at 1.59% TREO (2012)
Songwe Hill Malawi Indicated resources=6.2 Mt at 2.05% TREO; Mkango Resources Ltd.
inferred resources=5.1 Mt at 1.83% TREO (2012)
Wigu Hill Tanzania Inferred resources=3.3 Mt at 2.6% TREO Montero Mining &
Exploration Ltd. (2011)
Zandkopsdrift South Africa Measured resources=23.0 Mt at 2.07% TREO; Frontier Rare Earths Ltd.
indicated resources=22.7 Mt at 1.73% TREO; (2014)
inferred resources=1.1 Mt at 1.52% TREO
Peralkaline igneous
Bokan Mountain Alaska, Indicated resources for the Dotson Ridge Ucore Rare Metals, Inc.

Clay-Howells project

Dubbo Zirconia
project

Foxtrot project

Hastings project

United States

Ontario, Canada

New South Wales,
Australia

Newfoundland and
Labrador, Canada

Western Australia,
Australia

deposit=4.79 Mt at 0.602% TREO;

inferred resources=1.05 Mt at 0.603% TREO
Inferred resources=8.5 Mt at 0.73% TREO
Measured resources=35.7 Mt at 0.75% TREO;

inferred resources=37.5 Mt at 0.75% TREO
Indicated resources=3.41 Mt at 1.07% TREO;

inferred resources=5.85 Mt at 0.96% TREO

Indicated resources=27.0 Mt at 0.2103% TREO;

additionally, 0.8913% Zr oxide and 0.3545% Nb oxide;

inferred resources=9.1 Mt at 0.21% TREO

(2015)

Hatch (2015)

Alkane Resources Ltd.
(2015)

Srivastava and others
(2012)

Hastings Rare Metals Ltd.
(2015)



Geology 015

Table 04. Advanced rare-earth-element (REE) exploration projects and the reported estimates of their REE resources, by deposit type.

—Continued

[Mt, million metric tons; t, metric ton; %, percent; TREO, total rare-earth oxide. Chemical elements: Ag, silver; Au, gold; Cu, copper; Dy, dysprosium;
Mo, molybdenum; Nb, niobium; REE, rare-earth element; U, uranium; Zr, zirconium]

Deposit Location Reported resources Reference(s)
Peralkaline igneous—Continued
Hoidas Lake deposit Saskatchewan, Measured resources=0.9638 Mt at 2.568% TREO; Star Minerals Group Ltd.
Canada indicated resources=1.6 Mt at 2.349% TREO; (2014)
inferred resources =0.2866 Mt at 2.139% TREO

Ilimaussaq complex, Greenland Indicated resources=437 Mt at 1.093% TREO; Greenland Minerals and

Kvenfjeld deposit inferred resources =182 Mt at 0.9763% TREO Energy Ltd. (2012)
Ilimaussaq complex, Greenland Inferred resources=242 Mt at 1.1022% TREO Greenland Minerals and

Serensen deposit Energy Ltd. (2012)
Ilimaussaq complex, Greenland Inferred resources=95 Mt at 1.1609% TREO Greenland Minerals and

Zone 3 deposit

Energy Ltd. (2012)

Kipawa Quebec, Canada Indicated resources=12.472 Mt at 0.512% TREO; Saucier and others (2012,
inferred resources=3.842 Mt at 0.463% TREO p-75)
Kutessay II project Kyrgyzstan Measured resources=13.548 Mt at 0.27% TREO; Stans Energy Corp. (2015)
indicated resources=2.717 Mt at 0.238% TREO;
inferred resources=1.746 Mt at 0.204% TREO
Nechalacho project Northwest Measured resources=12.56 Mt at 1.714% TREO; Avalon Rare Metals Inc.
(Thor Lake) Territories, indicated resources=96.54 Mt at 1.57% TREO; (2015)
Canada inferred resources=160.25 Mt at 1.38% TREO
Norra Kérr Southern Sweden Inferred resources=60.5 Mt at 0.54% TREO Tasman Metals Ltd. (2012)
Round Top Texas, United States Measured and indicated resources = 480 Mt at 0.063% TREO; Hulse and others (2014, p.
inferred resources = 342 Mt at 0.063% TREO 152)
Strange Lake Quebec, and New-  Indicated resources=278.12 Mt at 0.93% TREO; Quest Rare Minerals Ltd.
foundland and inferred resources=214.4 Mt at 0.85% TREO (2012)
Labrador, Canada
TRE project Northern Deposits include upper weathered bedrock of peralkaline Tantalus Rare Earths AG
Madagascar intrusive complex and overlying argillaceous laterites (2013)
(saprolite); inferred resources =130 Mt at 0.08% TREO
Two Tom Newfoundland and  Inferred resources=41 Mt at 1.18% TREO Daigle (2012)
Labrador, Canada
Polymetallic deposits
Eco Ridge Mine Ontario, Canada Indicated resources=22.743 Mt at 0.1606% TREOQ; Pele Mountain Resources
inferred resources=36.560 Mt at 0.1554% TREO (2013)
Milo project Queensland, Inferred resources= 187 Mt at 0.06% TREO; GBM Resources Ltd.
Australia deposit contains REEs, Cu, Mo, Au, Ag, and U (2012)
Plant in Stepnogorsk ~ Northern Resources and grade are not reported. Plant is being Blank (2012)
Kazakhstan designed to extract Dy from uranium tailings
Steenkampskraal South Africa Measured resources =85,000 t at 19.5% TREO; Great Western Minerals
indicated resources=474,000 t at 14.1% TREO; Group Ltd. (2014)
inferred resources=60,000 t at 10.5% TREO
Heavy-mineral sand deposits
Charley Creek Northern Territory,  Alluvial placers with U resources along with monazite and xe- Hatch (2015); Pancontinen-
deposits Australia notime; inferred total resources of 805.3 Mt at 0.03% TREO tal Uranium Corp. (2012)
Canakli deposit Turkey Inferred resource=494 Mt at 0.07% TREO AMR Mineral Metal Inc.
(2015)
Kerala deposits India Total resources of 1.51 Mt of monazite reported in heavy- Government of India,

mineral sand deposits in the State of Kerala; resource grade
is not reported

Department of Atomic
Energy (2011)
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Thorium and REEs reside within apatite in iron bodies
once mined in the Mineville iron district, New York, which is
located in the northeastern part of the Adirondack Mountains.
The orebodies are magnetite deposits that are intricately folded
and faulted within a complex suite of Precambrian metamor-
phic and igneous rocks. The host rocks have both mafic and
felsic compositions that include, in general order of abun-
dance, gabbro, diorite, augite syenites, and granite (Staatz and
others, 1980). The iron deposits are mainly magnetite, martite,
and apatite, with accessory augite, hornblende, albite, quartz,
pyrite, and tourmaline (McKeown and Klemic, 1956). Iron
deposits in the Mineville-Port Henry area contain apatite and
are likewise rich in phosphorous, REEs, and thorium because
these elements are concentrated within the apatite grains.

In addition, the magnetite (the primary iron ore mineral) is
intergrown with 1- to 3-millimeter (0.04- to 0.12-inch)-long
rice-shaped grains of apatite. Massive piles of tailings plus
unmined parts of magnetite bodies in the Mineville district
each contain REE-bearing apatite-rich rock. McKeown

and Klemic (1956) reported an average REO content of
11.14 percent in 14 samples of apatite separated from the
Old Bed, Joker, and Smith orebodies in this district.

Iron oxide-copper-gold (IOCG) deposits. I0OCG deposits
are closely related to magmatic iron deposits, described just
above, and one could argue that the Pea Ridge and Mineville
iron deposits represent variations within the IOCG deposit
group. Strictly, IOCG deposits are defined as magmatic-
hydrothermal iron deposits that host economic concentrations
of copper and gold. This group of deposits was first described
and defined after the 1975 discovery of the giant Olympic
Dam copper-uranium-gold deposit in South Australia,
Australia, which is one of the largest ore deposits in the world.
An overview of the IOCG deposit type along with examples
of significant IOCG deposits worldwide is provided by Groves
and others (2010).The IOCG deposits can be very large and
surrounded by alteration zones that can extend for kilometers
in width. As at Olympic Dam, IOCG deposits can host REE
mineralization, occurring both in iron oxides and in small
carbonatites within the intrusive complex. Although an REE
resource of substantial size has been identified at Olympic
Dam, the mine operator has not yet recovered REEs.

Xenotime-monazite accumulations in mafic gneiss.
Xenotime-monazite accumulations in mafic gneiss have not
been historically important sources of REEs. Because deposits
of this type tend to be preferentially enriched in the HREEs,
however, they may be more economic in the future.

Example deposits occur in the Music Valley area of
the northern part of Joshua Tree National Park in southern
California. Pod-like xenotime deposits of the Music Valley
area lie within the Pinto Gneiss of probable Precambrian
age. The Pinto Gneiss consists of roughly equal amounts of
quartz and plagioclase feldspar, and it averages approximately
35 percent biotite (Evans, 1964). Accessory minerals present
in trace amounts in the gneiss include, in general order of
abundance, sericite, apatite, magnetite, zircon, and sphene, and
locally monazite, actinolite, orthoclase, microcline, perthite,
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and muscovite. Biotite-rich zones in the gneiss can contain
abundant amounts of orange xenotime grains; xenotime
commonly forms 10 to 15 percent of the biotite zones and
locally as much as 35 percent (Evans, 1964). Owing to the
xenotime and accompanying monazite, the biotite-rich zones
can contain more than 8 percent yttrium (Evans, 1964) and
elevated percentages of HREEs (fig. O5).

lon-adsorption clay deposits. lon-adsorption clay
deposits in southern China are the world’s primary sources
of the HREESs. This deposit type is often informally referred
to as “south China clays” (fig. O4). Despite their economic
importance, little geologic research has been published that
describes the south China clay deposits in detail; a study by
Bao and Zhao (2008) is an exception, as well as discussions in
Chi and Tian (2008) and Kynicky and others (2012).

Rare-earth-element-bearing ion-adsorption clay deposits
form in tropical regions with moderate to high rainfall through
the following general processes:

1. The REEs are leached by groundwater from granites
(the bedrock),

2. Thick zones of laterite soils develop above the granites;
this intensely weathered zone contains an abundance
of clays, and

3. The mobilized REEs become weakly fixed (ion-
adsorption) onto the clays (kaolinite and halloysite)
in the soils.

In deposits of this type in southern China, REE concen-
trations range from approximately 300 parts per million
(ppm) to 2,000 ppm and appear to vary with the parent rocks
(Bao and Zhao, 2008). These modest REE concentrations are
economic for the south China deposits because (a) the REEs
can be easily extracted from the clays with weak acids; (b) the
deposits are often enriched in the high-value HREEs; (c) the
area has low labor costs; and (d) there has been a localized
lack of environmental protection (Liang and Others, 2014).

The highest REE concentrations usually occur in the
B horizon (the subsoil) of the weathered zone. In addition
to the highest REE content, the B horizon also contains the
highest clay content. The overlying A horizon (the uppermost
zone) is richest in organic matter, and contains much clay.
The underlying C horizon consists of clays and pieces of the
weathered granite.

Sanematsu and others (2009) conducted geochemical
and sequential leaching experiments of ion-adsorption clays
from deposits in Laos. They concluded that “the enrichment
of REE[s] is attributed to the occurrence of ion-exchangeable
clay minerals and REE phosphates in the weathered crusts
and that HREE[s] are [more] selectively adsorbed on the clay
minerals than are LREE[s] by weathering” (Sanematsu and
others, 2009, p. 527). Laterite clay deposits of the Longnan
district in Jiangxi Province in southern China produce HREE-
rich material, whereas clay ores from the Xunwu district, also
in Jiangxi Province, produce material that is rich in LREEs
(O’Diriscoll, 2003).



Laterite clay deposits that are generally similar to the
deposits in southern China are under development in northern
Vietnam at the Dong Pao Mine in Lai Chau Province (fig. O4).
In Madagascar, laterite clays formed by tropical weathering
above REE-enriched dikes and sills are being explored at the
TRE project (table O4; fig. O4; Tantalus Rare Earths AG, 2013).

An announced pilot project in Jamaica is intended to
test the recovery of REEs from tailings of red mud produced
from bauxite mining. The red mud reportedly contains
0.23 to 0.38 weight percent REEs (Wagh and Pinnock, 1987)
and has higher HREE concentrations than do other represen-
tative Chinese clay samples (Mariano and Mariano, 2012).

Monazite-xenotime-bearing placer deposits. Monazite-
xenotime-bearing placer deposits were important sources of
REEs up to the mid-1960s, but they decreased in prominence
owing to the discovery of the Mountain Pass deposit in
California. Placer deposits may be significant sources of REEs
again in the near future. Presently, monazite is extracted from
coastal sands at (a) the Buena Norte mining district on the
east coast of Brazil (table O3); (b) along the southwestern
coast of India in the State of Kerala (table O4); and (c) along
the coastline in the State of Odisha in northeastern India
(fig. O4; Government of India, Department of Atomic Energy,
2011). The monazite is recovered as a byproduct during the
extraction of ilmenite (FeTiO,), leucoxene (altered ilmenite),
and rutile (TiO,) from beach sands. The ilmenite, leucoxene,
and rutile—the principal products of value—are chemically
processed to remove titanium dioxide, which is used primarily
as a pigment in paints.

Two broad settings for monazite-bearing placer deposits
are (a) deposits of streams and rivers (fluvial deposits), and
(b) coastal and nearshore deposits of sand and silt. In both
deposit types, heavy dense minerals (including monazite) are
physically sorted and deposited together by the combined actions
of water movement and gravity. The resulting deposits of sedi-
ments, which are composed of sand and silt with thin layers of
heavy minerals, are often referred to as “heavy-mineral sands.”

“Heavy minerals” are commonly defined as dense
minerals with a specific gravity greater than about 2.9. These
minerals are generally resistant to chemical weathering and
physical degradation and thus survive well in fluvial environ-
ments. Heavy minerals are eroded from bedrock sources,
carried by streams or rivers until they are deposited in the
stream channel system or into a coastal plain setting. In the
stream, the heavy minerals are carried within a slurry mixture
of sand and silt. Because of their high density, the heavy
minerals can be well sorted by fluvial processes and prefer-
entially deposited into layers through the combined effects of
gravity and decreases in stream energy. The Charley Creek
deposits in Northern Territory, Australia (table O4; fig. O4)
are an example of REE-bearing alluvial placer deposits.

At Charley Creek, the REEs occur in the heavy minerals
monazite ((REE,Th)PO,) and xenotime (YPO,).

Carrying heavy minerals, sediments are brought to
coastal areas by streams and rivers. These sediments are
reworked in nearshore (coastal) areas by the actions of waves
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and tides, which sort the heavy minerals into discreet layers. In
these deposits, dark layers of heavy minerals are often referred
to as “black sands.” A notable example of such deposits is the
detrital monazite deposits in the coastal regions of southern
India, which are found in piedmont lakes, shallow seas, sand
bars across the mouths of rivers, deltas, beaches, and sand
dunes behind the beaches (Bhola and others, 1958).

In addition to modern coastal regions, heavy-mineral
deposits occur in ancient coastal plain environments, which are
other potential sources of monazite. Carpenter and Carpenter
(1991) describe heavy-mineral deposits formed by Pliocene
transgressive-regressive events in the Upper Coastal Plain
region of eastern North Carolina and eastern Virginia. In 2015,
Iluka Resources Ltd. was mining and processing Pliocene-age
heavy-mineral sands in the coastal plain of Virginia. [luka has
also worked similar ancient nearshore heavy-mineral deposits
in Australia since the 1950s. Iluka’s heavy-mineral sands
operations target the titanium minerals (ilmenite, leucoxene,
rutile) and zircon; they do not recover the monazite.

Heavy minerals in the fluvial and coastal deposit
types may include, in order of general abundance, ilmenite,
leucoxene, rutile, magnetite, zircon, staurolite, kyanite, silli-
manite, tourmaline, garnet, epidote, hornblende, spinel, iron
oxides, sulfides, monazite, and xenotime. The typical minerals
of value are ilmenite, leucoxene, and rutile for their titanium
and titanium dioxide; zircon for its refractory uses (such as
specialty ceramics); and in some cases, monazite, for its REEs
and thorium. The heavy minerals as a suite typically make up
no more than 15 percent of a deposit, and usually much less;
quartz and clay minerals form the bulk of the sediment. As an
example, in the Pliocene-age Upper Coastal Plain deposits of
North Carolina and Virginia, the heavy-mineral suite consists
of, on average, about 9 percent of the sediments and monazite
occurs in trace amounts (0 to 0.9 weight percent of the heavy
minerals) (Berquist, 1987; Carpenter and Carpenter, 1991).

The occurrence of REEs in fluvial placer or nearshore
placer deposits depends on the presence of monazite and (or)
xenotime in the bedrock sources upstream. Thus, exploration
for monazite-bearing placer deposits must consider the miner-
alogy of the bedrocks that are the source of the sediments.

Resources and Production

Identified Resources

Tables O3 and O4 summarize the estimated REE
resources reported for the world’s most extensively explored
deposits. Exploration for additional REE deposits is ongoing;
therefore, the world’s identified REE resources very likely will
increase. The resource estimates shown in tables O3 and O4
indicate that large resources of REEs exist. If developed, these
deposits may supply the world’s REE needs for many decades.
The process of bringing a particular deposit from the phase of
orebody delineation to eventual mining and REE processing is a
complex, multistage, multiyear process, however, as explained
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in Long and others (2010). The pace or ultimate success of the
REE exploration projects in table O4 is difficult to predict.

Berger and others (2009) compiled published tonnage
and grade data for 58 REE- and niobium-bearing carbonatite
deposits worldwide; the carbonatites included in the dataset
are mostly well explored and either partially mined or known
to contain these resources. For their carbonatite dataset, they
calculated a median tonnage of 49 million metric tons and median
grades of 0.61 percent total REO and 0.23 percent niobium oxide.

An earlier inventory of global REE resources (Jackson
and Christiansen, 1993) reported that China hosts the largest
resources of REEs, followed by Namibia, the United States,
Australia, and India. Jackson and Christiansen (1993, p. 43)
stated that “Globally, economically recoverable REO ore
resources, based on 106 properties, amount to 20.6 billion
metric tons, of which 85 percent is in placers and 15 percent
is in hard-rock deposits.” The REOs in the ore deposits occur
dominantly within the hard-rock deposits, however; according
to their study, 7 percent of the REOs occur in placers and
93 percent are in hard-rock deposits.

China’s Bayan Obo iron-carbonatite deposit in Nei
Mongol Autonomous Region has been the world’s principal
source of LREEs since the mid to late 1980s (Long and others,
2010; U.S. Department of Energy, 2010, 2011). Bayan Obo is
thought to be the world’s largest REE deposit—it is estimated
to contain about 800 million metric tons of ore material at a
grade of 6 percent REO content (Berger and others, 2009).

Mining by Molycorp, Inc. in Mountain Pass, Calif., has
exploited the Sulphide Queen carbonatite (Olson and others,
1954; Castor, 2008), which is the largest high-grade, LREE
deposit in the United States (figs. O3, O4, and O5). This
carbonatite reportedly contains 16.7 million metric tons of
proven and probable reserves at a grade of 7.98 percent total
REO (Molycorp, Inc., 2012).

India reports large resources of REEs, mostly in monazite
within coastal sediments along its southern coastlines. According
to India’s Atomic Mineral Directorate for Exploration &
Research, “the reserves of monazite in India is about 10.70
million tonnes which translates to approx. 5 million tonnes of
rare earth oxide” (Government of India, Department of Atomic
Energy, 2011, p. 2). Also, the Directorate estimates that
about 2,000 metric tons of xenotime-bearing heavy-mineral
concentrate, which contains about 2 percent xenotime, occurs
in riverine placer deposits in the States of Chhattisgarh and
Jharkhand. With national sponsorship, the coastal placers
are mined for their titanium minerals (rutile, ilmenite) and
monazite. IREL, which is a public sector entity under the
Department of Atomic Energy, is constructing a monazite
processing plant in the State of Odisha (Government of India,
Department of Atomic Energy, 2011).

Undiscovered Resources

The increase in REE prices has led to an increase in
exploration activity worldwide; as a result, many more
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REE resources have been discovered or, in many cases,
reinvestigated and better defined. Because REE enrichments
can be found in a wide variety of rock types and environ-
ments, the probability for the occurrence of substantial
undiscovered resources is high. With engineering advances
in ore processing, additional deposits may become economic.
The following are examples of some of the deposit types that
could be potential future sources of REEs.

* Although the ion-adsorption clay deposits of southern
China now serve as the world’s primary source of
the HREEs, these deposits appear not to be unique to
southern China. Clay deposits with similar geologic
settings and characteristics have been explored
elsewhere, although none has yet been brought
into production on a significant scale. The Dong
Pao deposit in northern Vietnam, for example, is
composed of laterite clays that overlie syenite intru-
sions. The Dong Pao Mine reportedly is in a late stage
of development.

* Elevated concentrations of REEs in sea-floor sedi-
ments sampled by deepwater drill coring at numerous
sites on the floors of the eastern South Pacific Ocean
and central North Pacific Ocean were reported by
Japanese scientists in 2011 (Kato and others, 2011).
The scientists collected more than 2,000 sea-floor sedi-
ments, sampled from about 1 m into the sea floor, from
78 sites across the Pacific Ocean. As one example of
their results, Kato and others (2011) reported that muds
in the eastern South Pacific Ocean had REE contents
comparable to or higher than those of the south China
ion-adsorption clay deposits; also, that the HREE
values were nearly twice as much as the China clays.

* Some modern and ancient coastal deposits can host
large undeveloped, poorly studied deposits of mona-
zite. Coastal deposits offer several advantages, such
as that (a) these deposits are unconsolidated or weakly
consolidated and thus easy to excavate; (b) the deposits
are relatively easy to process in order to separate out
the heavy minerals; and (c) multiple minerals can be
extracted as the primary products of value, such as
ilmenite and rutile for titanium and titanium dioxide,
zircon for refractories, and garnet for abrasives. As one
example, large undeveloped deposits of coastal sedi-
ments, ranging from Cretaceous to recent in age, occur
from eastern Virginia to Florida in the Southeastern
United States. Many sand and silt units in this coastal
plain region contain monazite (Staatz and others, 1980;
Carpenter and Carpenter, 1991).

Exploration for New Deposits

The search for REEs covers a wide variety of geologic
provinces; noteworthy deposits of REE-bearing minerals have
been found in alkaline igneous rocks, carbonatites, layers in



mafic metamorphic rocks, laterite clay deposits developed
upon weathered granitic plutons, and coastal and fluvial
sediments. Some of these types of settings are described
briefly below.

Carbonatites and peralkaline igneous complexes.
According to Woolley and Kjarsgaard (2008), there are
527 known carbonatites in the world, and about 40 percent are
located in the African continent. The majority of the known
carbonatites are located in relatively tectonically stable regions
within crustal plates, and they are often positioned on deep-
seated structural zones of regional extension (intra-continental
rift zones). Less commonly, some carbonatites are found
near plate margins, and their formation is possibly linked to
processes of crustal plate separation or orogeny.

By definition, carbonatites are an igneous rock composed
of at least 50 percent carbonate minerals, which sets them
apart from other intrusions in igneous terrains. The gangue
carbonate minerals, such as calcite and dolomite, can be
identified with weak acid, as with any carbonate rock. Most
carbonate minerals in carbonatites are generally subdued in
outcrop, and the principal REE ore minerals are usually not
colorful. In regions with deep, intense weathering, such as
laterite weathering of the upper parts of carbonatites in Brazil
and Australia, the laterites contain resistate ore minerals
(minerals that are resistant to weathering), such as pyrochlore
and monazite.

Fenite is a quartz-alkaline feldspar-rich rock that has
been altered by alkaline (sodium- and [or] potassium-rich)
hydrothermal fluids at the contact of a carbonatite intrusion
complex. Fenitization is the alkaline mineralization formed by
alkali metasomatism during the emplacement of an alkaline
intrusion or carbonatite. This process can form alteration
aureoles (fenite) of variable widths and intensity that are
developed in the intrusion and the surrounding country rock.
The presence of a fenite halo indicates that alkali hydro-
thermal processes took place there and is generally a favorable
indication of REE enrichment.

Brief descriptions of alkaline provinces and individual
alkaline complexes are available for North America and
South America (Woolley, 1987), the former Soviet Union
(Kogarko and others, 1995), and Africa (Woolley, 2001).
These publications are useful references for those conducting
REE exploration in these regions.

In an alkaline igneous complex, rock types generally
progress from oldest to youngest as ultramafic to mafic
lithologies (pyroxenite, biotite-shonkinite, peridotite, and
jacupirangite, as examples), to felsic compositions (syenite,
alkaline granites, ijolite, trachyte, and phonolite), to
carbonatites. Coincidences of these alkaline rock types can
indicate evolved alkaline systems. Carbonatite formation
is a late (usually last) phase of the alkaline complex, and
the carbonatite is often centrally located in the complex.
Carbonatite dikes, if present, are also late-phase formations,
and they may extend for kilometers outward from the
complex. Dikes or veins of carbonatite can indicate that a
larger carbonatite mass lies below or in the area.

Exploration for New Deposits 019

In peralkaline intrusions, some REE deposits contain
relatively rare but useful indicator REEs and alkali minerals,
such as acmite (brown/green), alkali amphiboles (blue/black),
eudialyte (pink/red), gadolinite (green/brown-black), rinkolite
(red brown/yellow brown), and sodalite (dark blue).

Because of the presence of associated thorium-uranium-
bearing minerals in alkaline complexes and carbonatites,
radioactivity is a common characteristic of REE minerali-
zation. Most of the carbonatites and alkaline-intrusion-hosted
REE deposits in the United States were discovered by uranium
prospectors using handheld radiation detectors, such as Geiger
counters and scintillation counters (scintillometers). In most
of these deposit types, the radiation is primarily a result of the
presence of thorium.

The most diagnostic geochemical elements for
carbonatites and peralkaline-hosted REE deposits are the
high-field-strength elements, which include hafnium, niobium,
REEs+yttrium, scandium, tantalum, thorium, titanium,
uranium, and zirconium. Large-ion lithophile elements—
barium, cesium, potassium, rubidium, and strontium—
are also enriched in carbonatites and alkaline intrusions.
Associated elements can include chlorine, fluorine,
manganese, and phosphorus.

Geophysical methods can be used to detect and map
an ore-bearing mass that may not be exposed. Ground and
airborne geophysical techniques have been used to identify
and define the size of buried carbonatites and mineralized
alkaline intrusions. Geophysical data can be collected and
analyzed at a wide range of scales, thereby contributing to
exploration at a variety of scales, from regional features to
detailed characterization of an individual deposit.

Modern airborne geophysical technologies offer the
capability to collect gamma-ray, magnetic, and gravity data
concurrently. Electromagnetic data can also be acquired
this way. The combination and integration of these methods
provides significant insight into a number of physical
properties, which, in combination, can significantly enhance
an exploration program for intrusion-hosted REE deposits.
Airborne geophysical surveys that are flown most often over
prospective REE deposits are magnetic, gamma-ray, and,
most recently, gravity and gravity gradiometry. The choice of
airborne geophysical tool(s) and platform (helicopter or fixed
wing) used to explore for an intrusion-hosted REE deposit
depends on a number of factors, such as accessibility to the
deposit, ruggedness of the terrain, and whether the deposit
is entirely or partly exposed or is concealed by rock, glacial
deposits, vegetation, or water and (or) ice.

Gravity and magnetic surveying can be especially useful
to map partially or entirely concealed carbonatites and alkaline
intrusions. Although these methods do not provide direct
detection of REE mineralization, they can provide necessary
geologic controls on the depth, geometry, and extent of the
host intrusion(s). The success of these methods, as with all
geophysical mapping tools, depends on there being a physical
property contrast (density and magnetization) of the intrusion
with the surrounding rocks.
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Magmatic magnetite-hematite deposits and iron oxide-
copper-gold (I0CG) deposits. As noted earlier, IOCG deposits
are typically giant deposits with broad alteration zones that
can extend for several kilometers outward from the main
deposit (Groves and others, 2010). Iron-dominated deposits,
typified by magmatic iron and IOCG deposits, produce
substantial magnetic and gravity anomalies, which are usually
clearly evident in geophysical surveys at regional and local
scales. The techniques traditionally employed in the explora-
tion for precious and base-metal deposits can be likewise used
to discover magmatic iron and IOCG deposits.

Xenotime-monazite deposits in metamorphic rocks.
High-grade concentrations of xenotime and monazite have
been found locally in some mafic gneiss, paragneiss, and
migmatites (Mariano and Mariano, 2012). Thus far, none of
the discovered occurrences of this type have been deemed
large enough to be economic; however, their inherent enrich-
ment in HREESs continues to attract interest.

Local exploration for these deposits can utilize the
durability of xenotime and monazite; they are heavy dense
minerals that are resistant to mechanical weathering and, as a
result, they accumulate with the heavy-mineral suite in stream
sediments. Monazite- and xenotime-bearing sediments are
typically elevated in the LREEs, yttrium, and thorium.

Radioactivity owing to monazite may be detectable using
high-resolution airborne gamma-ray surveys with closely
spaced flight lines if the host rocks are exposed at or very near
the surface. Ground surveys with a handheld radiation meter
can identify monazite-rich zones.

lon-adsorption clay deposits. On the most basic level,
favorable regions for ion-adsorption clay deposits are those
where tropical weathering horizons (laterites) formed atop
alkaline igneous masses. In southern China, underlying
bedrock includes altered “two mica” granites. In addition to
the modern tropics, paleo-laterites coincident with alkaline
intrusive masses can also be considered.

In many ways, discovery of these types of REE deposits
have proven the most elusive thus far, outside of southern
China. These clay deposits lack radioactivity (Bao and Zhao,
2008) and have relatively low concentrations of REEs.
Sampling studies of prospective laterites typically extract
subsurface samples of the weathered zone at selected soil
horizons; the samples are analyzed for their REE content
and REE leachability.

Monazite-xenotime-bearing fluvial placer deposits.
Many of the REEs and associated high-field-strength elements
occur in heavy, dense minerals that are resistant to weathering
(resistates); thus, heavy-mineral concentrates from stream
sediments are a useful sampling technique for these deposit
types. Resistate indicator minerals in the heavy concentrate
portion of stream sediments can include, in order of general
abundance, monazite, pyrochlore, xenotime, allanite, zircon,
kainosite, thorite and uranothorianite, and euxenite (Barker
and Van Gosen, 2012). Using airborne gamma-ray survey data,
radioactivity caused by the presence of thorium (mainly in
monazite) may outline fluvial networks that contain monazite.
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Monazite-bearing coastal plain deposits. Deposits of
sand and silt that contain monazite occur in many coastal
environments. These sediments are carried by rivers and
streams to coastal settings, including the shore. The sediments
originate from the erosion of metamorphic and (or) igneous
bedrock located up gradient of the coast. The monazite in
these sediments occurs in close association with other heavy
minerals, which are most commonly ilmenite, leucoxene, rutile,
and zircon. These heavy minerals could thus be considered
indicator minerals in these types of deposits. Economic “black
sand” deposits in coastal settings (modern or paleo-settings)
typically contain 5 percent or greater heavy-mineral content.

Exploration for coastal heavy-mineral sand deposits
involves primarily any or all of the following:

» Locating ancient to modern coastal sedimentary
deposits that were and (or) are sourced by terrains
containing abundant metamorphic rocks and (or)
igneous rocks. Favorable target areas are those that
experienced transgressive-regressive marine cycles,
as well as areas at the intersection of ancient
shorelines and major paleorivers.

» Sampling sediments at the surface or (more thor-
oughly) vertically by using truck-mounted power
auger drills.

» Simple panning on site to estimate the approximate
heavy-mineral content of a sample. A more-exacting
determination of heavy-mineral content is made
by using multiple steps, including heavy liquid
separation, grain counts of heavy-mineral concentrates,
and thorough analyses of heavy-mineral concentrates
using spirals, solutions, magnetic separators, and
electrostatic separators, as described by Carpenter
and Carpenter (1991).

Environmental Considerations

Rare-earth elements are currently produced from just a
few mines globally, and, as a result, there are no abandoned
REE mines available for study. Previous production from the
Mountain Pass Mine in California started before the era of
major environmental regulatory oversight; as a result, much
of the environmental information associated with new mines
is lacking. Further, the Bayan Obo Mine in China, which is
the main current source of REEs, also has limited environ-
mental information published. Two advanced exploration
projects—the Nechalacho alkaline-intrusion-related deposit
(near Thor Lake, Northwest Territories, Canada) and the Bear
Lodge carbonatite deposit (Bear Lodge Mountains, north-
eastern Wyoming)—represent new sources of environmental
data as a result of ongoing activities at these sites. At present,
however, information regarding the environmental aspects of
REE mining is limited. Toxicological data about the effects of
REEs on aquatic, animal, or human health are also limited.



Sources and Fate in the Environment

The concentrations of REEs in environmental media
are influenced by their normal tendency to occur in diluted
concentrations in crustal rocks (rather than in concentrated
deposits) and their limited solubility in most groundwaters
and surface waters. A significant amount of information
is available on their natural abundances and distributions
in environmental media, such as seawater (Elderfield and
others, 1988), river water (Goldstein and Jacobsen, 1988;
Sholkovitz, 1995), groundwater (de Boer and others, 1996),
soil, and plants (Tyler, 2004), because of their value in tracing
hydrochemical and geochemical processes. The average upper
crustal abundance of all REEs combined (lanthanum through
lutetium) is 146.4 ppm; the average abundance of yttrium
is 22 ppm. The mean REE concentration of soils is similar
to the average upper crustal abundance of these elements
(Smith and others, 2013; Tyler, 2004). In humid settings with
extreme weathering, however, REE concentrations in soil
tend to be higher than those in the underlying rock because of
leaching of major elements. Plant uptake of REEs is generally
low because of the low solubility of REEs, and uptake does
correlate with soil acidity (Tyler, 2004). The solubility of
REEs in typical surface water or groundwater compositions
is low (Wood, 1990). In seawater, the average dissolved
concentration of combined REEs is 0.15 part per billion (ppb)
(Elderfield and others, 1988). In major rivers, the REE concen-
trations average 1.6 ppb (Sholkovitz, 1995). Under extreme
acid-mine drainage conditions (pH 1.1)—conditions that are
not related to REE mining—dissolved REE concentrations can
easily reach 2,500 ppb (Seal and others, 2008).

Information on pre-mining environmental concentrations
of REEs is limited, in part because of their low concentrations.
Data from solid media (rock, soil, and sediment) are more
common because REEs are routinely analyzed in solid
media. Analysis of REEs in water samples is less common.
Environmental baseline studies have been conducted at the
Bear Lodge deposit (Dahlberg, 2014) and at the Nechalacho
deposit (Avalon Rare Metals Inc., 2011); both are currently
advanced exploration projects. Baseline environmental data
from all other REE deposit types have not been identified.

At Nechalacho, the surface water sample sites encompass
an area that extends up to 6 kilometers from the deposit,
but the groundwater samples are from within the deposit as
reported by Avalon Rare Metals Inc. (2011). The pH of surface
water and groundwater is neutral to slightly alkaline, ranging
between 6.9 and 8.6. The cationic species in groundwater
and surface water around the deposit are dominated by
magnesium, followed by calcium and sodium. Water hardness
values range between 71 and 470 ppm calcium carbonate
(CaCO,) for both surface water and groundwater. As reflected
by alkalinity values that range between 74 and 442 ppm
CaCO,, bicarbonate is the most important anionic species,
followed by sulfate, chloride, and fluoride. Fluoride concen-
trations range from 0.06 to 4.4 ppm, which locally exceeds the
U.S. Environmental Protection Agency secondary maximum
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contaminant limit of 2 ppm. Groundwater tends to have higher
concentrations of anions than does surface water.

Trace elements are generally low in the vicinity of the
Nechalacho deposit but tend to be slightly higher in ground-
water compared with surface water. Baseline dissolved iron
concentrations in surface water and groundwater are note-
worthy and range from less than 30 to more than 10,000 ppb.
Baseline dissolved copper concentrations range from
0.2 to 48 ppb. Dissolved aluminum concentrations generally
range from 0.5 to 108 ppb, although one outlier sample of
groundwater measured 15,300 ppb. Dissolved manganese
ranges from 0.2 to 544 ppb. Baseline dissolved nickel and
molybdenum concentrations range from 0.25 to 6.6 ppb and
from 0.2 to 63 ppb, respectively. Dissolved concentrations
of uranium range from less than 0.05 to 20 ppb. Dissolved
concentrations of arsenic and antimony are less than
5 and 0.3 ppb, respectively.

Baseline surface water and groundwater chemistry data
associated with the Bear Lodge deposit (Dahlberg, 2014),
are grossly similar to those from Nechalacho. The pH of
waters at the Bear Lodge deposit spans a slightly larger range
(6.0 to 8.4). Water hardness ranges from 10 to 380 ppm
CaCO,. Bicarbonate is the dominant cation as reflected by
the alkalinity values of between 10 and 300 ppm CaCO,, and
fluoride is present in concentrations of less than 1 ppm. Trace
element concentrations at the Bear Lodge deposit are similar
to those at Nechalacho.

Mine Waste Characteristics

The mineralogy of the dominant minerals from
carbonatite and alkaline intrusion REE deposits influences
the environmental character of their mine waste. The paucity
of sulfide minerals, including pyrite, minimizes or eliminates
concerns about acid-mine drainage for carbonatite-hosted REE
deposits and alkaline-intrusion-related REE deposits. In fact,
tailings from metallurgical testing at the Nechalacho deposit
contain less than 0.1 weight percent total sulfur (Avalon
Rare Metals Inc., 2011). The low acid-generating potential of
these deposits is further offset by their high acid-neutralizing
potential, particularly for carbonatite deposits, which are
dominated by carbonate minerals.

In terms of trace elements, the REE ore minerals factor
most prominently in the environmental character of the ores
and mine wastes. The main ore minerals currently processed
for REEs—bastnaesite (LnCO,F), monazite ((Th,Ln)PO,), and
xenotime ((Y,Ln)PO,) (where “Ln” [for lanthanide] indicates
the place of REEs in the mineral formulas)—all contain
appreciable amounts of uranium and thorium. Bastnaesite
reportedly contains between 0 and 0.3 weight percent thorium
dioxide (ThO, ) and 0.09 weight percent uranium dioxide
(UO,); monazite, between zero and 20 weight percent ThO,
and zero and 16 weight percent UO,; and xenotime, between
zero and 5 weight percent UO, (Long and others, 2010). The
thorium and uranium contents of the ore minerals and mine
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waste represent one of the biggest environmental challenges
that must be managed during mining, ore processing, and
mine closure. The geochemistry of thorium and uranium
influence their interactions with the environment and resulting
environmental effects. Thorium is highly insoluble under most
conditions. Therefore, for thorium and its radioactive decay
products, solid-phase pathways, such as windblown dust

from tailings piles and erosion of tailings into water bodies,
are of greatest priority for mine planning. Under oxidizing
conditions, uranium is highly soluble; therefore, aqueous
pathways leading to surface water or groundwater are priority
issues for mine planning.

According to the metallurgical testing done, the
geochemistry of the tailings at Nechalacho (Avalon Rare
Metals Inc., 2011) is anomalous for several elements
compared with the guidelines for soil (U.S. Environmental
Protection Agency, 2015) and sediment (MacDonald
and others, 2000). The chromium concentration of the
metallurgical reject material (640 ppm) exceeds the
residential soil guideline (280 ppm). Cadmium (6 ppm),
chromium (640 ppm), and nickel (330 ppm) concentrations
of the reject material exceed sediment guidelines for “prob-
able effects concentrations” for these elements (4.98 ppm,
111 ppm, and 48.6 ppm, respectively). The “probable effects
concentration” in sediment is the concentration above which
harmful effects on freshwater ecosystems are likely to be
observed (MacDonald and others, 2000).

Human Health Concerns

Human health risks associated with mining are typically
associated either with contamination of potential sources of
drinking water or ingestion of fine particulate mine waste
(tailings). The human health effects of REEs have been
sparsely studied since the work of Haley (1965). Ingestion and
inhalation studies on cerium oxide and cerium compounds
indicate minimal effects in laboratory studies on rats
(U.S. Environmental Protection Agency, 2009). Exposure
to cerium oxides and cerium compounds is unlikely during
routine mining, although the potential for exposure is present
during ore processing and refining. The United States lacks
drinking water standards for the REEs. The limited data on
the toxicity of REEs in drinking water has been reviewed by
de Boer and others (1996).

For other trace elements, some baseline groundwater
and surface waters in the vicinity of the Nechalacho
deposit exceed the secondary maximum contaminant limit
for fluoride. At the Bear Lodge deposit, a single baseline
groundwater sample (13 ppb arsenic) is slightly above the
U.S. Environmental Protection Agency drinking water
standard for arsenic concentration (10 ppb). Several baseline
surface water samples from the Bear Lodge Mountains as well
as a single humidity-cell leachate sample from Nechalacho
exceed the combined radium radioisotope (***Ra+?**Ra)
drinking water standard.
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Ecological Health Concerns

The primary pathways for REE mining to affect aquatic
ecosystems are through water or sediment contamination.
Knowledge regarding the toxicity of REEs to aquatic organ-
isms through either pathway is limited. Environmental guide-
lines for REEs in surface water and sediment are lacking in
the United States. Guidelines for surface water and sediment
for both fresh and salt water have been recommended in the
Netherlands, however (Sneller and others, 2000). Several
studies have documented that the toxicity and biologic uptake
of REEs in surface water vary as a function of water hardness
and alkalinity (Barry and Meehan, 2000; Moermond and
others, 2001). Further, Weltje and others (2004) found that the
toxicity of lutetium was proportional to the concentration of
the free ion (Lu™) in microbial bioassay studies. Therefore,
REE complexation with carbonate, sulfate, or other ligands
in natural systems may significantly influence their toxicity
(Wood, 1990). Published aqueous REE data are lacking for
the Nechalacho and the Bear Lodge deposits.

Insights into potential ecological risks associated with
REE deposits in North America and worldwide are limited to
data associated with the baseline environmental characteri-
zation of the Nechalacho (Avalon Rare Metals Inc., 2011) and
Bear Lodge (Dahlberg, 2014) deposits. Uranium is the only
trace element in baseline surface water samples near both
deposits. Humidity-cell leachates from Nechalacho exceed the
chronic surface water benchmark for uranium (1.87 ppb) but
not the acute benchmark (33.5 ppb) (Suter, 1996). Dissolved
thorium concentrations are approximately one to two orders
of magnitude lower than dissolved uranium concentrations
at Nechalacho. Therefore, the risk of mine drainage issues
associated with tailings from either alkaline-intrusion-related
or carbonatite-hosted deposits is likely minimal.

Accidental release of mill tailings, either during or after
closure, can pose a risk to aquatic organisms. This risk can be
assessed by the comparison of the geochemical composition
of mill tailings with relevant sediment-quality guidelines.

In general, most concentrations of trace elements are low.
The concentrations of cadmium, chromium, and nickel in a
tailings sample from Nechalacho exceeded both the threshold
effects concentration and the probable effects concentration
(MacDonald and others, 2000). Concentrations of the REEs
in the tailings sample exceeded their corresponding negligible
concentrations, but not their maximum permissible concen-
trations (Sneller and others, 2000). Therefore, only a few
elements are marginally of concern in the event of accidental
release of tailings.

Carbon Footprint

There are several potential links between REEs and
greenhouse gas emissions. One of the main ore minerals,
bastnaesite (Ln(CO,)F), contains carbonate, which is liberated
during ore processing. Because of the low grades of economic



deposits (<10 percent total REOs), however, this carbon flux is
not likely to be significant relative to other sources associated
with mining. In addition, one of the most important uses of
REEs is in permanent magnets used in “green” technologies,
such as electric cars, hybrid cars, and wind turbines.

Mine Closure

Mine closure procedures depend on the mining method
employed. Mountain Pass in California, Bayan Obo in
China, and Mount Weld in Australia are all mined as open
pits. At closure, the pits will likely fill with water, depending
on the elevation of the local water table. Waste rock piles
and mill tailing piles will also remain on site. Both types of
piles may be regraded and revegetated. Recent operations
at Mountain Pass recycled all water to avoid the need for
evaporation ponds (Molycorp, Inc., 2015), which were used
during previous mining at the site, to manage process water.
Mill tailings disposal included paste disposal, eliminating
the need for a tailings dam and its long-term maintenance.
(Paste disposal produces tailings that have been significantly
dewatered, and, as a result, the tailings do not have a critical
flow velocity when pumped into the disposal area.)

Problems and Future Research

The fascinating new era for the REEs involves many
challenges that remain to be fully addressed, including those
related to economics (supply and demand and price stability
issues), technology, and scientific research. In recent years,
considerable news coverage and discussion have focused
on the global supply and demand concerns for the REEs,
underscored by their importance to modern and evolving
technologies. In the foreseeable future, will processed
REE compounds be readily available and affordable and in
adequate supply to meet the needs of technology applications?
If not, will suitable substitutes for the REEs be developed?

In the fields of geologic research, although REE deposits
have been studied for more than a century, many questions
remain about their genesis. The questions that follow should
be viewed as a partial list of the many issues likely to involve
the REEs during the 21st century. These questions also
represent opportunities where significant new contributions
can be made.

» Will the addition of new LREE mines—such as
the Mount Weld Mine (Australia)}—prove to be
adequate to offset reductions in the exports of REEs
from China?

* Do substantial sources of HREEs occur outside
of China? Are the ion-adsorption clay deposits of
southern China unique? These deposits serve as the
world’s principal source of the HREEs and, as of
2015, other HREE deposits had not been brought
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into production. Can other clay deposits similarly
enriched in the HREEs be brought into production
outside of southern China? Will other types of HREE
deposits eventually be brought into production?

» What exploration guidelines and techniques can
be applied or developed that lead to discoveries of
high-grade deposits of REEs, particularly hidden
(concealed) deposits?

» Can advances in ore processing provide an economic
advantage to some deposits? For mines that have
REEs in the ores that host another primary mineral
commodity, can REEs be developed as a byproduct?

» Can REEs be efficiently and economically recovered
and recycled from disposed electronics, batteries, and
other devices?

» Can REEs be replaced in some current applications
by other metals that are less costly and more readily
available? If so, will these products perform as well
as those that use REEs?

» Can the complex ores of peralkaline deposits be
processed by methods that are efficient and econom-
ical? This aspect is especially relevant because these
deposit types often have a general enrichment in the
highly sought HREEs.

* Why do REEs occur only in modest concentra-
tions in Earth’s upper mantle, yet they can be highly
concentrated in carbonate and alkaline magmas that
ascend to the crust, thereby forming ore deposits?
The systematic geologic and chemical processes that
explain these observations are not well understood,
especially in comparison to many other ore-forming
systems. Exploration for REEs throughout the world
in recent years has provided considerable drilling
and other data, which are likely to provide an abun-
dance of materials and information useful for detailed
geologic research.

Case histories for the environmental behavior of REE
deposits, mines, and their mine wastes are extremely limited
because there are so few past and current mines. Further,
most past and current mines are located in China, where little
environmental information is available. Therefore, insights
into future environmental characteristics of REE mine wastes
must rely on predictive models.

Little is known about the aquatic toxicity of REEs
(Sneller and others, 2000). Although their low solubility
likely limits their toxicity, a few studies suggest that their
aquatic toxicity varies as a function of water chemistry
(Barry and Meehan, 2000; Moermond and others, 2001;
Weltje and others, 2004). More study is needed to evaluate
the potential environmental risks associated with REEs in
hydrologic systems.
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