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Conversion Factors
International System of Units to Inch/Pound

Multiply By To obtain

Length
angstrom (Å) (0.1 nanometer) 0.003937 microinch
angstrom (Å) (0.1 nanometer) 0.000003937 mil
micrometer (µm) [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 (km2) 247.1 acre
square meter (m2) 10.76 square foot (ft2) 
square centimeter (cm2) 0.1550 square inch (ft2) 
square kilometer (km2) 0.3861 square mile (mi2)

Volume
milliliter (mL) 0.03381 ounce, fluid (fl. oz)
liter (L) 33.81402 ounce, fluid (fl. oz)
liter (L) 1.057 quart (qt)
liter (L) 0.2642 gallon (gal)
cubic meter (m3) 264.2 gallon (gal) 
cubic centimeter (cm3) 0.06102 cubic inch (in3) 
cubic meter (m3) 1.308 cubic yard (yd3) 
cubic kilometer (km3) 0.2399 cubic mile (mi3) 

Mass

microgram (μg) 0.00000003527 ounce, avoirdupois (oz)
milligram (mg) 0.00003527 ounce, avoirdupois (oz)
gram (g) 0.03527 ounce, avoirdupois (oz)
gram (g) 0.03215075 ounce, troy
kilogram (kg) 32.15075 ounce, troy
kilogram (kg) 2.205 pound avoirdupois (lb)
ton, metric (t) 1.102 ton, short [2,000 lb]
ton, metric (t) 0.9842 ton, long [2,240 lb]

Deposit grade
gram per metric ton (g/t) 0.0291667 ounce per short ton (2,000 lb) (oz/T)

Pressure
megapascal (MPa) 10 bar
gigapascal (GPa) 10,000 bar

Density
gram per cubic centimeter (g/cm3) 62.4220 pound per cubic foot (lb/ft3) 
milligram per cubic meter (mg/m3) 0.00000006243 pound per cubic foot (lb/ft3)

Energy
joule (J) 0.0000002 kilowatthour (kWh)
joule (J) 6.241 × 1018 electronvolt (eV)
joule (J) 0.2388 calorie (cal)
kilojoule (kJ) 0.0002388 kilocalorie (kcal)
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International System of Units to Inch/Pound—Continued

Multiply By To obtain
Radioactivity

becquerel (Bq) 0.00002703 microcurie (μCi)
kilobecquerel (kBq) 0.02703 microcurie (μCi)

Electrical resistivity
ohm meter (Ω-m) 39.37 ohm inch (Ω-in.)
ohm-centimeter (Ω-cm) 0.3937 ohm inch (Ω-in.)

Thermal conductivity
watt per centimeter per degree 

Celsius (watt/cm °C)
693.1798 International British thermal unit 

inch per hour per square foot per 
degree Fahrenheit (Btu in/h ft2 °F)

watt per meter kelvin (W/m-K) 6.9318 International British thermal unit 
inch per hour per square foot per 
degree Fahrenheit (Btu in/h ft2 °F)

Inch/Pound to International System of Units

Length
mil 25.4 micrometer (µm) [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. oz) 29.57 milliliter (mL)
ounce, fluid (fl. oz) 0.02957 liter (L) 

Mass
ounce, avoirdupois (oz) 28,350,000 microgram
ounce, avoirdupois (oz) 28,350 milligram
ounce, avoirdupois (oz) 28.35 gram (g) 
ounce, troy 31.10 348 gram (g)
ounce, troy 0.03110348 kilogram (kg)
pound, avoirdupois (lb) 0.4536 kilogram (kg) 
ton, short (2,000 lb) 0.9072 ton, metric (t) 
ton, long (2,240 lb) 1.016 ton, metric (t) 

Deposit grade
ounce per short ton (2,000 lb) (oz/T) 34.285714 gram per metric ton (g/t)

Energy
kilowatthour (kWh) 3,600,000 joule (J)
electronvolt (eV) 1.602 × 10–19 joule (J)

Radioactivity
microcurie (μCi) 37,000 becquerel (Bq)
microcurie (μCi) 37 kilobecquerel (kBq)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:
 °F = (1.8 × °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



vii

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 (µS/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 (µg/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 (µg/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 (µCi/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 (oz/T).

Geologic ages are expressed in mega-annum (Ma, million years before present, or 10 6 years ago) 
or giga-annum (Ga, billion years before present, or 10 9 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 (µg/g) part per million
microgram per kilogram (μg/kg) part per billion (109)

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-) 1012 1 trillion
giga- (G-) 109 1 billion
mega- (M-) 106 1 million
kilo- (k-) 103 1 thousand
hecto- (h-) 102 1 hundred
deka- (da-) 10 1 ten
deci- (d-) 10–1 1 tenth
centi- (c-) 10–2 1 hundredth
milli- (m-) 10–3 1 thousandth
micro- (µ-) 10–6 1 millionth
nano- (n-) 10–9 1 billionth
pico- (p-) 10–12 1 trillionth
femto- (f-) 10–15 1 quadrillionth
atto- (a-) 10–18 1 quintillionth
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°C  degree Celsius
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Bq/kg   becquerel per kilogram
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LCT  lithium-cesium-tantalum

m  meter

Ma  mega-annum

mg/m3   milligram per cubic meter

MRI  magnetic resonance imaging

NMRI  nuclear magnetic resonance instruments

OSHA  Occupational Safety and Health Administration

ppm  part per million

ppt  part per trillion

REE  rare-earth element



Niobium and Tantalum

By Klaus J. Schulz, Nadine M. Piatak, and John F. Papp

Abstract
Niobium and tantalum are transition metals that are 

almost always found together in nature because they have 
very similar physical and chemical properties. Their properties 
of hardness, conductivity, and resistance to corrosion largely 
determine their primary uses today. The leading use of 
niobium (about 75 percent) is in the production of high-
strength steel alloys used in pipelines, transportation infra-
structure, and structural applications. Electronic capacitors 
are the leading use of tantalum for high-end applications, 
including cell phones, computer hard drives, and such 
implantable medical devices as pacemakers. Niobium and 
tantalum are considered critical and strategic metals based on 
the potential risks to their supply (because current production 
is restricted to only a few countries) and the significant effects 
that a restriction in supply would have on the defense, energy, 
high-tech industrial, and medical sectors.

The average abundance of niobium and tantalum in 
bulk continental crust is relatively low—8.0 parts per million 
(ppm) niobium and 0.7 ppm tantalum. Their chemical 
characteristics, such as small ionic size and high electronic 
field strength, significantly reduce the potential for these 
elements to substitute for more common elements in rock-
forming minerals and make niobium and tantalum essentially 
immobile in most aqueous solutions. Niobium and tantalum 
do not occur naturally as pure metals but are concentrated in a 
variety of relatively rare oxide and hydroxide minerals, as well 
as in a few rare silicate minerals. Niobium is primarily derived 
from the complex oxide minerals of the pyrochlore group 
((Na,Ca,Ce)2 (Nb,Ti,Ta)2 (O,OH,F) 7 ), which are found in some 
alkaline granite-syenite complexes (that is, igneous rocks 
containing sodium- or potassium-rich minerals and little or no 
quartz) and carbonatites (that is, igneous rocks that are more 
than 50 percent composed of primary carbonate minerals, by 
volume). Tantalum is derived mostly from the mineral tantalite 
((Fe,Mn)(Ta,Nb) 2O6 ), which is found as an accessory mineral 
in rare-metal granites and pegmatites that are also enriched in 
lithium and cesium (termed lithium-cesium-tantalum (LCT)-
type pegmatites).

Brazil and Canada are the leading nations that produce 
niobium mineral concentrates, but Brazil is by far the leading 

producer, accounting for about 90 percent of production, 
which comes mostly from weathered material derived from 
carbonatites. Brazil and Canada also have the largest identified 
niobium resources; additional resources, although they are less 
well reported, occur in Angola, Australia, China, Greenland, 
Malawi, Russia, and South Africa. Australia and Brazil have 
been the leading producers of tantalum mineral concentrates, 
although recently Ethiopia and Mozambique have also 
been significant suppliers of tantalum. Artisanal mining of 
columbite-tantalite (also called coltan) is practiced in many 
countries, particularly Burundi, the Democratic Republic of 
the Congo (Congo [Kinshasa]), Nigeria, Rwanda, and Uganda. 
Brazil has about 40 percent of the identified tantalum 
resources; other countries and regions with identified tantalum 
resources include, in decreasing order of resources, Australia, 
Asia, Russia and the Middle East, Africa, North America, 
and Europe. Identified niobium and tantalum resources in the 
United States are small, low grade, and difficult to recover and 
process, and are thus not commercially recoverable at current 
prices. Consequently, the United States meets its current and 
expected future needs for niobium and tantalum through 
imports of mineral concentrates and alloys and through 
recovery from foreign and domestic alloy scrap that contain 
the metals.

 Environmentally, the main issues related to niobium and 
tantalum mining are land disruptions, the volume of waste 
materials and their disposal, and the radioactivity of some 
tailings and waste materials that contain thorium and uranium. 
Because of the relative biological inertness of niobium and 
tantalum, human and ecological health concerns are generally 
minimal under most natural conditions.

Demand for both niobium and tantalum is expected to 
increase as the world economy continues to recover from the 
downturn that began in 2008. Increased demand for niobium is 
linked to increased consumption of microalloyed steel, which 
is used in the manufacture of cars, buildings, ships, and refinery 
equipment. Demand for these steels will likely increase with 
continued economic development in such countries as Brazil, 
China, and India. In addition, increased global demand for 
cars, cell phones, computers, super conducting magnets, and 
other high-tech devices will likely spur increased demand for 
both niobium and tantalum. The estimated global reserves and 
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resources of niobium and tantalum are large and appear  
more than sufficient to meet global demand for the fore seeable 
future, possibly the next 500 years. The sale of “conflict 
coltan” attributed to rebel forces waging a civil war in 
Congo (Kinshasa) has been of recent concern and has high-
lighted the need for a transparent and traceable global supply 
chain that can exclude illegal columbite-tantalite from the 
conventional market while discerning legitimate artisanal mine 
production in central Africa.

Introduction
Niobium (Nb) and tantalum (Ta) are transition metals 

that are very similar in their physical and chemical properties 
(table M1). They are almost always found together in nature. 
Both are named after tragic figures from Greek mythology—
Niobium is named after Niobe, and tantalum is named after 
Niobe’s father, Tantalus. Niobium was first discovered in 1801 
by English chemist Charles Hatchett, who named it colum-
bium after Columbia, the poetic name for North America. 
Columbium was used interchangeably with niobium until 
1949 when niobium was officially accepted as the designated 
name by the International Union of Pure and Applied 
Chemistry. Tantalum was first discovered by Swedish scientist 
Anders Ekeberg in 1802, but because it was difficult to 
separate from niobium, tantalum was confused with niobium 
until 1864, when it was confirmed to be a separate element. 
Relatively pure tantalum metal was not produced until 1903.

Niobium is a lustrous, gray, ductile metal with a high 
melting point, relatively low density, and superconductor 
properties. Tantalum is a dark blue-gray, dense, ductile, very 
hard, and easily fabricated metal. It is highly conductive to heat 
and electricity and is renowned for its resistance to corrosion 
by acids. It is these special properties, especially hardness, 
conductivity, and resistance to corrosion, that determine the 
primary uses of niobium and tantalum today (table M1).

Uses, Applications, and Consumption

Niobium
The leading use of niobium is in ferrous metallurgy. 

About 75 percent of world niobium production is used by the 
steel industry for the production of a variety of steel alloys 
that contain small amounts of other metals (microalloy and 
low-alloy steels) to improve corrosion resistance, strength, 
toughness, and other properties (Papp, 2013b). Niobium acts 
as a grain refiner and precipitation hardener in high-strength 
low-alloy and microalloyed steel, simultaneously improving 
mechanical strength, high-temperature strength, and toughness 
and improving corrosion resistance. These steels are used in 
pipelines, transportation, and structural applications (Roskill 
Information Services Ltd., 2009). Appreciable amounts of 
niobium are contained in nickel-, cobalt-, and iron-base 
superalloys used for high-temperature applications, such as 
jet engine components, gas turbines, rocket subassemblies, 
turbocharger systems, and heat-resisting and combustion 
equipment. Niobium alloys are also used in the manufacture 
of superconducting magnets used in magnetic resonance 
imaging (MRI) and nuclear magnetic resonance instruments 
(NMRI), as well as in particle accelerators, such as the Large 
Hadron Collider in Europe, which contains the world’s 
largest superconducting magnets (fig. M1). A new use of 
niobium is in a solid niobic acid that acts as a catalyst in the 
conversion of palm oil to biodiesel (Schwela, 2010). With 
increased production of biofuels in Brazil and elsewhere, this 
use of niobium could constitute a significant future market. 
Niobium’s uses are specialized, and substitution is generally 
likely to result in reduced performance and higher cost.

World consumption of niobium, by material produced, 
is shown in figure M2A (Schwela, 2011). The greatest 
consumption is of ferroniobium, which is an iron-niobium 
alloy that contains 60 to 70 percent niobium. Leading uses 
of niobium are for steelmaking (87 percent), followed by 
niobium chemicals (5.2 percent), vacuum-grade niobium 
(2.7 percent), other niobium alloys (2.5 percent), and 
niobium metal (0.9 percent). In 2011, U.S. consumption of 
niobium (measured as elemental niobium) was 9,160 metric 
tons, which was an increase of more than 12 percent from 
consumption in 2010 (Papp, 2013b).

Tantalum
The electronics industry accounts for about one-half 

of tantalum consumption, mainly as powder and wire 
(Schwela, 2010). Electronic capacitors are the leading end 
use of tantalum owing to tantalum’s particular ability to store 
and release energy. Because of this ability, components can 
be exceptionally small and are favored in space-sensitive, 
high-end applications, such as telecommunications (for cell 
phones), data storage (for hard drives), and implantable 
medical devices (for hearing aids and pacemakers). To date, 

Table M1. Selected properties of niobium and tantalum.
[Source: Winter (2014). Å, angstrom; °C, degree Celsius; g/cm3, gram per 
cubic centimeter; nΩ-m, nano ohm-meter]

Property Niobium (Nb) Tantalum (Ta)

Atomic number 41 73
Atomic weight 92.90638 180.94788
Atomic radius (Å) 1.46 1.46
Density (g/cm3) 8.57 16.65
Melting point (°C) 2,477 3,017
Boiling point (°C) 4,744 5,458
Hardness (Mohs scale) 6.0 6.5
Electrical resistivity 

(nΩ-m)
152 at 0 °C 131 at 20 °C

Crystal structure Body-centered 
cubic

Body-centered 
cubic
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Toroids

Figure M1.

Figure M1. Photograph (central 
view) of the ATLAS detector in the 
Large Hadron Collider showing its 
eight superconducting barrel toroid 
magnets around the calorimeter. 
(For scale, note the person 
[circled] standing in the lower 
center portion of the photograph.) 
Together, these toroids make up the 
world’s largest superconducting 
magnet. Photograph of the ATLAS 
Experiment Copyright© 2014 CERN.

no effective substitute has been found for tantalum 
in electronic devices without loss in performance. 
Tantalum’s low mechanical strength and high biocom-
patibility allows it to be used as a coating on stronger 
substrates, such as stainless steel, for such medical 
applications as stents to support blood vessels, plates, 
bone replacements, and suture clips and wire. In addition, 
tantalum is used to impart strength and high temperature 
resistance to cracking in the manufacture of superalloys 
for use in aerospace applications and energy generation. 
Its resistance to corrosion makes tantalum useful in the 
chemical industry, generally as a lining to pipes, tanks, 
and vessels. Tantalum oxide is used to increase the 
refractive index of lens glass, whereas the hardness of 
tantalum carbide makes it ideal for cutting tools.

World consumption of tantalum, by material 
produced, is shown in figure M2B (Schwela, 2011). 
The leading uses are capacitor-grade tantalum powder 
(24 percent) and tantalum mill products (22 percent) 
followed by tantalum chemicals (18 percent); 
metallurgical-grade powder, unwrought metal, scrap, and 
other uses (17 percent); tantalum ingot (12 percent); and 
tantalum carbide (7 percent). In 2011, U.S. consumption 
of tantalum (measured as elemental tantalum) was 
1,210 metric tons, which was an increase of 4 percent 
from consumption in 2010 (Papp, 2013c).

B.  Tantalum consumption

Capacitor-grade
Ta powder

24%

Ta mill
products

22%
Ta chemicals

18%

Metallurgical-
grade powder,

unwrought metal,
scrap, and other

17% 

Ta ingot
12%

Ta carbide
7%

Steel-grade FeNb
87%

Nb chemicals 5.2%
Vacuum-grade Nb 2.7%

Nb alloys 2.5%
Nb metal 0.9%

A.  Niobium consumption

Fig M2.

Figure M2. Pie charts showing percentage of reported 
world consumption of A, niobium, and B, tantalum, by 
material produced (Schwela, 2011). Percentages have been 
rounded to two significant figures and do not add to 100. 
FeNb, ferroniobium; Nb, niobium; Ta, tantalum
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Strategic and Critical Resource Issues

Niobium and tantalum are considered critical and strategic 
metals owing to their specialized and important applications in 
the defense, energy, high-tech industrial, and medical sectors; 
because they are essential in many products and applications 
but generally have no effective substitutes; and because the 
mine production of these minerals takes place in only a few 
countries. The geographic concentration of niobium resources 
and production, and, to a lesser extent, those of tantalum, make 
their supply vulnerable to potential influence and disruption 
by such factors as civil unrest, environmental issues, market 
manipulation, natural disasters, and political changes. In their 
evaluation of the criticality of selected mineral commodities, 
the National Research Council (2008) ranked niobium as one 
of the most critical minerals, along with manganese, platinum-
group metals (especially rhodium and platinum), and rare-earth 
elements (REEs), and ranked tantalum as moderately critical 
based on risks to supply and the potential impact of supply 
restrictions (fig. M3). In its analysis of critical raw materials 
for the European Union, the European Commission reached a 
similar conclusion on the criticality of niobium and tantalum 
(European Commission, 2010).

The estimated global reserves and resources of both 
niobium and tantalum are large, but they are unevenly distributed 
geographically. The United States has had no reported mine 
production of niobium and tantalum since the late 1950s, and 
identified resources are mostly of low grade and are considered 
uneconomic at current commodity prices (Papp, 2013b, c). 
As a result, the United States has for many years been totally 
dependent on imports and recycling to meet its niobium and 
tantalum needs. This chapter gives a geologic perspective of 
niobium and tantalum resources with the purpose of providing 
an overview of how, why, and where sources of niobium and 
tantalum have formed and the geographic distribution of these 
sources around the world. Also included is a discussion of 
environmental issues that may derive from current and future 
niobium and tantalum mining.

1 (low) 2 3 4 (high)

Supply risk

1 (low)

2
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Im
pa

ct
 o

f s
up

pl
y 

re
st

ric
tio

n

Cu
Ta

Li

Nb

Rh

Pt

Pd

REE
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Figure M3.

Ti
V Ga

In

Figure M3. Criticality matrix for niobium, tantalum, 
and selected other mineral commodities. Of all these 
commodities, indium, manganese, niobium, platinum-
group metals (palladium, platinum, and rhodium), and 
rare-earth elements fall into the most critical zone of 
high supply risk and high impact of supply restriction  
(after National Research Council, 2008, p. 165). 
Cu, copper; Ga, gallium; In, indium; Li, lithium; 
Mn, manganese; Nb, niobium; Pd, palladium; Pt, 
platinum; REE, rare-earth element(s); Rh, rhodium; 
Ta, tantalum; Ti, titanium; and V, vanadium
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Geology
Geochemistry

Niobium and tantalum generally show strongly coherent 
geochemical behavior because they are identical in charge 
(5+ under most geologically relevant oxidation conditions) 
and nearly identical in effective ionic radius (table M1). As a 
result, they are closely associated and found together in most 
rocks and minerals in which they occur. Both elements are 
lithophile, in that they show a strong affinity for oxygen, and 
they are high-field-strength elements (HFSEs), meaning that 
their ions are relatively small and have intense electrostatic 
fields. Their HFSE characteristics significantly reduce their 
potential to substitute for more common elements in most 
rock-forming minerals and make them essentially immobile 
under most natural conditions (Wood, 2005); as a result, their 
concentrations in the surface environment are generally low. 
The average abundance of niobium and tantalum in bulk 
continental crust is 8.0 parts per million (ppm) niobium and 
0.7 ppm tantalum (Rudnick and Gao, 2003). In surface waters, 
concentrations are generally in the low parts per trillion.

Niobium and tantalum are depleted in continental crust 
relative to other highly incompatible elements (elements that 
do not readily substitute for more common elements in major 
rock-forming minerals), such as cesium, rubidium, thorium, 
and uranium, and the light REEs, including cerium and 

lanthanum. As a result, continental crustal rocks are typically 
characterized by high lanthanum to niobium (La:Nb) ratios—
the average crustal ratio is about 2.5 (Rudnick and Gao, 2003). 
The depletion of niobium and tantalum in continental crust 
is attributed to the formation of crustal rocks at convergent 
margins above subduction zones where titanium-rich minerals 
that host niobium and tantalum may remain as residual 
phases in the source region during generation of the magmas 
(Kelemen and others, 2003).

Although niobium and tantalum generally show coherent 
geochemical behavior, some chemical processes are able to 
separate them, which results in preferential enrichment or 
depletion of one or the other. These processes are still poorly 
understood, although crystal fractionation during magma 
evolution is the most commonly invoked mechanism. Niobium 
and tantalum show limited substitution for tin, tungsten, and 
zirconium in some rock-forming minerals, but particularly for 
titanium in such minerals as ilmenite (FeTiO3 ), rutile (TiO2 ), 
and titanite (sphene) (CaTiSiO5 ). As niobium and tantalum 
become more highly enriched in residual igneous melts, a 
variety of chiefly oxide and hydroxide niobium and tantalum 
minerals may form (see Mineralogy section and table M2), 
depending on melt composition, temperature, pressure, and 
fluid composition. In addition, some evidence suggests that 
later alteration by hydrothermal (hot) fluids—in particular, 
concentrated fluoride solutions (Wood, 2005)—may play a 
role in mobilizing and enriching niobium and tantalum.

Table M2. Selected niobium and tantalum oxide minerals and their end-member Nb2O5 and Ta2O5 contents or compositional range.

[Data are from Mackay and Simandl (2014) and Parker and Fleischer (1968). Nb2O5, niobium pentoxide; Ta2O5, tantalum pentoxide; NP, not present]

Mineral name Mineral group Chemical formula
Nb2O5 

(percent)
Ta2O5 

(percent)

Columbite Columbite-tantalite (Fe,Mn)(Nb,Ta)2O6 46.8 to 81.2 5.3 to 31.2

Tantalite Columbite-tantalite (Fe,Mn)(Ta,)2O6 0.3 to 26.8 56.5 to 86.2

Pyrochlore Pyrochlore (Na,Ca,Ce)2(Nb,Ti,Ta)2(O,OH,F)7 34.3 to 86.8 Trace to 4.3

Microlite Pyrochlore (Na,Ca)2(Ta,Nb,Ti)2(O,OH,F)7 Trace to 3.4 73.7 to 86.0

Tapiolite Tapiolite (Fe,Mn)(Ta,Nb)2O6 0 to 35 Up to 86

Ixiolite Ixiolite (Ta,Fe,Sn,Nb,Mn)4O8 8.3 68.96

Wodginite Wodginite (Ta,Sn,Mn,Nb,Fe,Ti)O2 1.35 to 7.1 67.5 to 70.1

Loparite Perovskite (Ce,La,Na,Ca,Sr)(Ti,Nb)O3 9.7 to 15.1 0.8 to 1.0

Lueshite Perovskite NaNbO3 81.1 Trace

Latrappite Perovskite (Ca,Na)(Nb, Ti, Fe)O3 43.9 NP

Euxenite Euxenite (Y,Ca,Ce,U,Th)(Nb,Ti,Ta)2O6 21 to 34 1 to 22

Strüverite Rutile (Ti,Ta,Fe)O2 6.5 to 9.3 33.1 to 35.5

Ilmenorutile Rutile Fex(Nb,Ta) 2x 4Ti1– x O2 Up to 33 Up to 14
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Mineralogy

Niobium and tantalum do not occur naturally as pure 
metals, but they are essential components in a variety of oxide 
and hydroxide minerals, as well as in a few rare silicates and 
one borate (Parker and Fleischer, 1968). The economically 
important mineral species are all oxides (table M2); pyro-
chlore is the principal ore mineral for niobium, and tantalite 
is the principal ore mineral for tantalum (fig. M4). Until the 
discovery of pyrochlore-rich deposits in the 1950s, niobium 
was produced as a byproduct of mining columbite-tantalite-
bearing pegmatites for tantalum.

The columbite-tantalite mineral group is characterized 
by a wide range in niobium and tantalum content as well as 
variable iron and manganese content. Columbite (a niobium-
rich mineral) and tantalite (a tantalum-rich mineral) have very 
similar properties because they have the same structure and 
similar chemistries, but tantalite has a much higher specific 
gravity (8.0 +) than does columbite (5.2). Tantalite also has 
a dimorphic relation (same chemistry but different crystal 
structure) to the mineral tapiolite. Columbite-tantalite minerals 
are found as accessory phases in rare-metal granites and 
pegmatites (Černý, 1991a, b).

The pyrochlore mineral group also has a wide compo-
sitional range, but generally has niobium greatly enriched 
over tantalum (a ratio of about 200:1). In addition, pyrochlore 
can contain significant amounts of barium, light REEs, and 
uranium. Because it can contain uranium, pyrochlore tends 
to be radioactive and can show damage to its crystal structure 
from radiation. Pyrochlore is typically found as a primary 
mineral in alkaline igneous rocks, particularly carbonatites 
(for example, the Araxá carbonatite in Brazil).

Other oxide minerals, such as loparite, ixiolite, tapiolite, 
and the perovskite group (table M2) are less common sources 
of niobium and tantalum. Loparite concentrate from the 
Lovozero intrusion in the Kola Peninsula has been a source 
of niobium in Russia but is not economically competitive 
with pyrochlore. The calcium- and niobium-dominant 
perovskite-group mineral latrappite is the main ore mineral 
at the Oka carbonatite complex in Quebec, Canada. Microlite 
is the tantalum-rich end member of the pyrochlore mineral 
group and is generally found in pegmatites in association with 
columbite-tantalite. The titanium-bearing mineral strüverite 
has been a low-grade source of tantalum recovered from 
tin-mining waste in Southeast Asia. Niobium- and tantalum-
bearing silicate minerals are relatively rare and found mostly 
in alkaline igneous rocks.

Deposit Types

Niobium and tantalum minerals are found in a variety 
of igneous rocks around the world but only rarely in concen-
trations great enough to be of economic interest. Primary 
niobium and tantalum mineral deposits are found in three main 
types of igneous intrusive rocks (table M3; Küster, 2009):
1. Carbonatites and associated alkaline rocks  

(Nb dominant),

2. Alkaline to peralkaline granites and syenites  
(Nb dominant), and

3. Rare-metal granites and pegmatites of the lithium-
cesium-tantalum (LCT) family (Ta dominant)  
(Černý and Ercit, 2005).

A

Figure M4.

B

Figure M4. Photographs showing A, centimeter-size pyrochlore crystals from Uganda, and B, a tantalite crystal. Photograph A is by 
Gunnar Ries/CC-BY-SA-3.0; photograph B is by Roger Weller, Cochise College.



Geology  M7

In addition, some secondary concentrations have been 
formed by weathering of primary deposits (laterites) and 
by sedimentary processes (placers). The secondary deposits 
are of particular interest because they can be less expensive 
to mine and can have higher grades than primary hard-rock 
deposits. Because secondary deposits typically occur in close 
proximity to their primary sources, they are not described 
separately below.

Deposits of niobium and tantalum are found around the 
world (fig. M5, table M4), but major production is currently 
restricted to only a few countries. Grade and tonnage figures 
for these deposits are shown in figure M6. Generally, grades 

for niobium are higher (from about 0.1 to 3.0 percent 
niobium pentoxide [Nb2O5 ]) than those of tantalum (gener-
ally < 0.1 percent tantalum pentoxide [Ta2O5 ]). Carbonatites 
generally have the highest grades and tonnages of niobium, 
although they overlap with those of alkaline granite and 
syenite-hosted deposits. In addition, some alkaline granite- 
and syenite-hosted deposits have higher tonnages at similar 
grades of tantalum than do rare-metal granite and pegmatite-
hosted deposits (fig. M6A). The ratios of niobium to tantalum 
in the alkaline granite and syenite deposits are much higher 
(>10 to 20) because of the predominance of niobium-rich 
minerals, such as pyrochlore and columbite.

Table M3.  Major types of niobium and tantalum deposits, with key characteristics and examples.

[Modified from British Geological Survey (2011). Grades and tonnages are highly variable among deposits, and the grades and tonnages given in this table are 
generalizations only. LCT, lithium-cesium-tantalum; Mt, million metric tons; Nb, niobium; Nb2O5, niobium pentoxide; Ta, tantalum; Ta2O5, tantalum pentoxide] 

Deposit type Brief description Typical grades and tonnage Major examples

Carbonatite-hosted 
primary deposits

Nb >Ta: Niobium deposits commonly 
consisting of members of the 
perovskite and pyrochlore mineral 
groups found within carbonatite 
intrusions in alkaline igneous 
provinces

Deposits show a wide range in both 
grade and tonnage. Morro dos Seis 
Lagos is the largest reported deposit; 
it contains about 2,900 Mt at a grade 
of 2.85 percent Nb2O5. More typical 
is the deposit at Niobec, which 
contains about 46 Mt at a grade 
of 0.53 percent Nb2O5

Niobec and Oka, Canada; 
Araxá, Catalão I and II, 
and Morro dos Seis 
Lagos, Brazil

Alkaline granite  
and syenite 

Nb >Ta: Deposits containing niobium 
and lesser amounts of tantalum; 
the deposits are related to silicic 
alkaline granite and syenite igneous 
intrusions

Generally <1,000 Mt at grades of  
0.1 to 1 percent Nb2O5 and  
< 0.05 percent Ta2O5

Motzfeldt and Ilímaussaq, 
Greenland; Lovozero, 
Russia; Thor Lake and 
Strange Lake, Canada

Rare-metal granite Ta > Nb: Deposits containing tantalum 
and lesser amounts of niobium; the 
deposits are generally found in the 
uppermost parts of peraluminous 
and (commonly) hydrothermally 
altered late-stage granitic plutons

Generally <100 Mt at grades of  
< 0.05 Ta2O5

Yichun, China;  
Abu Dabbab and  
Nuweibi, Egypt

LCT-type pegmatite Ta > Nb: Deposits containing tantalum 
and lesser amounts of niobium; the 
deposits are LCT-enriched-type 
pegmatites

Generally <100 Mt at grades of 
< 0.05 Ta2O5

Greenbushes and  
Wodgina, Australia; 
Tanco, Canada; Volta 
Grande, Brazil;  
Kenticha, Ethiopia

Secondary (regolith) 
deposits

Niobium and (or) tantalum ore miner-
als concentrated in zones of intense 
weathering above carbonatite and 
granite or pegmatite intrusions, or in 
sedimentary placer deposits derived 
from such intrusions

Lateritic deposits generally have  
<1,000 Mt at grades of up to  
3 percent Nb2O5. Placer deposits,  
such as the deposit at Tomtor,  
can have very high grades of 
up to 12 percent Nb2O5

Araxá and Catalão, Brazil; 
Tomtor, Russia; Green-
bushes, Australia
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Figure M6.Figure M6. Log-log plots of deposit grades and tonnages of A , tantalum, and B , niobium, by 
deposit type. The data include different levels of probability, including measured, indicated, and 
inferred resources and (or) proven and probable reserves. Data and sources are given in table M4. 
P, primary deposit; R, residual deposit, Nb2O5, niobium pentoxide; Ta2O5, tantalum pentoxide
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Table M4. Location, grade, tonnage, and other data for selected niobium-tantalum deposits of the world.— Continued

[Symbol size (small, large) corresponds to size of symbols shown in figure M5; deposit grade and tonnage are shown graphically in figure M6. Symbol size: 
S, small; L, large. WGS 84, World Geodetic System of 1984; negative values for latitude indicate that the deposit is in the Southern Hemisphere; negative 
values for longitude indicate that the deposit is in the Western Hemisphere. Nb2O5, niobium pentoxide; Ta2O5, tantalum pentoxide. Resource categories: 
M+In+If, measured+indicated+inferred; In+If, indicated+inferred. LCT, lithium-cesium-tantalum; Ma, mega-annum; NA, not available]

Table M4. Location, grade, tonnage, and other data for selected niobium-tantalum deposits of the world.—Continued

[Symbol size (small, large) corresponds to size of symbols shown in figure M5; deposit grade and tonnage are shown graphically in figure M6. Symbol size: 
S, small; L, large. WGS 84, World Geodetic System of 1984; negative values for latitude indicate that the deposit is in the Southern Hemisphere; negative 
values for longitude indicate that the deposit is in the Western Hemisphere. Nb2O5, niobium pentoxide; Ta2O5, tantalum pentoxide. Resource categories: 
M+In+If, measured+indicated+inferred; In+If, indicated+inferred. LCT, lithium-cesium-tantalum; Ma, mega-annum; NA, not available]

Deposit Country Deposit type
Symbol  

size

Latitude Longitude
Age

Resource 
(million 

metric tons)

Grade 
(% Nb2O5)

Grade 
(% Ta2O5)

Resource 
categories

Reference(s) Deposit
(decimal degrees WGS 84)

Bonga Angola Carbonatite S –14.27 13.97 130.8 ± 1.4 Ma 824 0.48 NA NA Cordeiro and others, 2011 Bonga
Bald Hill Australia LCT pegmatite L –31.52 122.18 Archean? 2 NA 0.038 M+In+If Fetherston, 2004 Bald Hill
Greenbushes Australia LCT pegmatite L –33.87 116.06 2,527 ± 2 Ma 135.1 NA 0.022 M+In+If Fetherston, 2004 Greenbushes
Mount Cattlin Australia LCT pegmatite L –33.56 120.04 Archean? 17.155 NA 0.0155 M+In+If Fetherston, 2004; Galaxy 

Resources Ltd., 2012
Mount Cattlin

Mount Deans Australia LCT pegmatite L –32.31 121.79 Archean? 9.1 0.06 0.022 In+If Fetherston, 2004 Mount Deans
Wodgina Australia LCT pegmatite L –21.18 118.68 2,829 ± 11 Ma 86.5 NA 0.032 M+In+If Fetherston, 2004 Wodgina
Dubbo Australia Alkaline granite 

and syenite
L –32.42 148.60 Jurassic 73.2 0.46 0.03 M+In+If Alkane Resources Ltd.,  

2012
Dubbo

Araxá Brazil Carbonatite L –19.67 –46.95 NA 462 2.48 NA Residual deposit Cordeiro and others, 2011 Araxá
Araxá Brazil Carbonatite L –19.67 –46.95 NA 940 1.6 NA Primary Cordeiro and others, 2011 Araxá
Catalão I Brazil Carbonatite L –18.13 –47.80 85 ± 6.9 Ma 19 1.08 NA Residual deposit Cordeiro and others, 2011 Catalão I
Catalão I Brazil Carbonatite L –18.13 –47.80 85 ± 6.9 Ma 29 1.22 NA Rock total reserve Cordeiro and others, 2011 Catalão I
Catalão I Brazil Carbonatite L –18.13 –47.80 85 ± 6.9 Ma 55.2 1.27 NA M+In+If Anglo American plc,  

2012, p. 198
Catalão I

Catalão II Brazil Carbonatite L –18.03 –47.87 NA 3.4 1.67 NA Reserves Cordeiro and others, 2011 Catalão II
Volta Grande Brazil LCT pegmatite L –21.08 –44.58 NA 6.32 0.0092 0.0375 Reserves Schwela, 2010 Volta Grande
Pitinga Brazil Alkaline granite 

and syenite
L 0.78 –60.08 About 1,820 Ma 164 0.2 NA Disseminated ore 

with tin
Bastos Neto and others, 

2009, p. 1329 –1357
Pitinga

Morro dos Seis Lagos Brazil Carbonatite S 0.28 –66.68 NA 2,897 2.85 NA NA Pollard, 1995 Morro dos Seis Lagos
Blue River Canada Carbonatite S 52.32 –119.17 NA 39.75 0.172 0.0195 M+In+If Chong and Postolski, 2011 Blue River
Tanco Canada LCT pegmatite L 50.43 –95.45 NA 2.1 NA 0.216 Pre-production, 1991 Fetherston, 2004 Tanco
Thor Lake Canada Alkaline granite 

and syenite
S 62.11 –112.60 NA 312 0.36 0.029 M+In+If Cox and others, 2011 Thor Lake

Strange Lake Canada Alkaline granite 
and syenite

S 56.30 –64.12 NA 229.9 0.172 NA M+In+If Quest Rare Minerals Ltd., 
2012

Strange Lake

Niobec Canada Carbonatite L 48.53 –71.15 629 to 656 Ma 
(496 ± 17 Ma)

419 0.42 NA M+In+If IAMGOLD Corp., 2012, 
p. 26

Niobec

Crevier Canada Carbonatite S 49.50 –72.82 879 Ma 59.79 0.146 0.0175 M+In+If MDN Inc., 2012 Crevier
Oka Canada Carbonatite S 45.50 –74.02 117 to 95 Ma 13.85 0.66 NA M+In+If Niocan Inc., 2011 Oka
Yichun China Rare-metal granite L 27.65 114.52 NA 0.068 NA 0.017 to 0.02 NA Fetherston, 2004 Yichun
Nanping China LCT pegmatite L 26.67 118.10 NA 0.0423 NA 0.03 NA Fetherston, 2004 Nanping
801 China Rare-metal granite L 44.62 120.97 NA 6.8 NA 0.022 NA Fetherston, 2004 801
Bayan Obo China Carbonatite L 41.80 109.97 NA 800 0.13 NA NA Berger and others, 2009 Bayan Obo
Kibara pegmatite  

belt
Democratic Republic of the 

Congo and Rwanda
LCT pegmatite L –2.00 28.00 1,000 to 900 Ma NA NA NA NA Melcher and others, 2015 Kibara pegmatite  

belt
Abu Dabbab Egypt Rare-metal granite S 25.34 34.54 NA 44.5 0.012 0.025 M+In+If Fetherston, 2004; Gippsland 

Ltd., 2011
Abu Dabbab

Nuweibi Egypt Rare-metal granite S 25.20 34.50 NA 98 NA 0.014 NA Papp, 2013a; Gippsland 
Ltd., 2011

Nuweibi

Umm Naggat Egypt Rare-metal granite S 25.20 34.50 NA 25 NA 0.0151 NA Fetherston, 2004 Umm Naggat
Kenticha Ethiopia LCT pegmatite L 5.52 39.03 Cambrian 116.4 NA 0.017 Reserves Fetherston, 2004 Kenticha
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Table M4. Location, grade, tonnage, and other data for selected niobium-tantalum deposits of the world.— Continued

[Symbol size (small, large) corresponds to size of symbols shown in figure M5; deposit grade and tonnage are shown graphically in figure M6. Symbol size: 
S, small; L, large. WGS 84, World Geodetic System of 1984; negative values for latitude indicate that the deposit is in the Southern Hemisphere; negative 
values for longitude indicate that the deposit is in the Western Hemisphere. Nb2O5, niobium pentoxide; Ta2O5, tantalum pentoxide. Resource categories: 
M+In+If, measured+indicated+inferred; In+If, indicated+inferred. LCT, lithium-cesium-tantalum; Ma, mega-annum; NA, not available]

Table M4. Location, grade, tonnage, and other data for selected niobium-tantalum deposits of the world.—Continued

[Symbol size (small, large) corresponds to size of symbols shown in figure M5; deposit grade and tonnage are shown graphically in figure M6. Symbol size: 
S, small; L, large. WGS 84, World Geodetic System of 1984; negative values for latitude indicate that the deposit is in the Southern Hemisphere; negative 
values for longitude indicate that the deposit is in the Western Hemisphere. Nb O , niobium pentoxide; Ta O , tantalum pentoxide. Resource categories: 2 5 2 5
M+In+If, measured+indicated+inferred; In+If, indicated+inferred. LCT, lithium-cesium-tantalum; Ma, mega-annum; NA, not available]

Age
Resource 
(million 

metric tons)

Grade 
(% Nb O )2 5

Grade 
(% Ta O )2 5

Resource 
categories

Reference(s) Deposit

130.8 ± 1.4 Ma
Archean?

2,527 ± 2 Ma
Archean?

Archean?
2,829 ± 11 Ma

Jurassic

NA
NA

85 ± 6.9 Ma 
85 ± 6.9 Ma 
85 ± 6.9 Ma 

NA
NA

About 1,820 Ma

NA
NA
NA
NA

NA

629 to 656 Ma 
(496 ± 17 Ma)

879 Ma
117 to 95 Ma

NA
NA
NA
NA

1,000 to 900 Ma

NA

NA

NA
Cambrian

824
2

135.1
17.155

9.1
86.5
73.2

462
940
19
29
55.2

3.4
6.32

164

2,897
39.75
2.1

312

229.9

419

59.79
13.85
0.068
0.0423
6.8

800
NA

44.5

98

25
116.4

0.48
NA
NA
NA

0.06
NA

0.46

2.48
1.6
1.08
1.22
1.27

1.67
0.0092
0.2

2.85
0.172
NA

0.36

0.172

0.42

0.146
0.66
NA
NA
NA

0.13
NA

0.012

NA

NA
NA

NA
0.038
0.022
0.0155

0.022
0.032
0.03

NA
NA
NA
NA
NA

NA
0.0375
NA

NA
0.0195
0.216
0.029

NA

NA

0.0175
NA

0.017 to 0.02
0.03
0.022
NA
NA

0.025

0.014

0.0151
0.017

NA
M+In+If
M+In+If
M+In+If

In+If
M+In+If
M+In+If

Residual deposit
Primary

Residual deposit
Rock total reserve

M+In+If

Reserves
Reserves

Disseminated ore 
with tin

NA
M+In+If

Pre-production, 1991
M+In+If

M+In+If

M+In+If

M+In+If
M+In+If

NA
NA
NA
NA
NA

M+In+If

NA

NA
Reserves

Cordeiro and others, 2011
Fetherston, 2004 
Fetherston, 2004
Fetherston, 2004; Galaxy 

Resources Ltd., 2012
Fetherston, 2004
Fetherston, 2004
Alkane Resources Ltd.,  

2012
Cordeiro and others, 2011
Cordeiro and others, 2011
Cordeiro and others, 2011
Cordeiro and others, 2011
Anglo American plc,  

2012, p. 198
Cordeiro and others, 2011
Schwela, 2010
Bastos Neto and others, 

2009, p. 1329 –1357
Pollard, 1995
Chong and Postolski, 2011
Fetherston, 2004
Cox and others, 2011

Quest Rare Minerals Ltd., 
2012

IAMGOLD Corp., 2012, 
p. 26

MDN Inc., 2012
Niocan Inc., 2011 
Fetherston, 2004
Fetherston, 2004
Fetherston, 2004
Berger and others, 2009
Melcher and others, 2015

Fetherston, 2004; Gippsland 
Ltd., 2011

Papp, 2013a; Gippsland 
Ltd., 2011

Fetherston, 2004
Fetherston, 2004

Bonga
Bald Hill
Greenbushes
Mount Cattlin

Mount Deans
Wodgina
Dubbo

Araxá
Araxá
Catalão I
Catalão I
Catalão I

Catalão II
Volta Grande
Pitinga

Morro dos Seis Lagos
Blue River
Tanco
Thor Lake

Strange Lake

Niobec

Crevier
Oka
Yichun
Nanping
801
Bayan Obo
Kibara pegmatite  

belt
Abu Dabbab

Nuweibi

Umm Naggat
Kenticha

Deposit Country Deposit type
Symbol  

size

Latitude Longitude

(decimal degrees WGS 84)

Bonga Angola Carbonatite S –14.27 13.97
Bald Hill Australia LCT pegmatite L –31.52 122.18
Greenbushes Australia LCT pegmatite L –33.87 116.06
Mount Cattlin Australia LCT pegmatite L –33.56 120.04

Mount Deans Australia LCT pegmatite L –32.31 121.79
Wodgina Australia LCT pegmatite L –21.18 118.68
Dubbo Australia Alkaline granite 

and syenite
L –32.42 148.60

Araxá Brazil Carbonatite L –19.67 –46.95
Araxá Brazil Carbonatite L –19.67 –46.95
Catalão I Brazil Carbonatite L –18.13 –47.80
Catalão I Brazil Carbonatite L –18.13 –47.80
Catalão I Brazil Carbonatite L –18.13 –47.80

Catalão II Brazil Carbonatite L –18.03 –47.87
Volta Grande Brazil LCT pegmatite L –21.08 –44.58
Pitinga Brazil Alkaline granite 

and syenite
L 0.78 –60.08

Morro dos Seis Lagos Brazil Carbonatite S 0.28 –66.68
Blue River Canada Carbonatite S 52.32 –119.17
Tanco Canada LCT pegmatite L 50.43 –95.45
Thor Lake Canada Alkaline granite 

and syenite
S 62.11 –112.60

Strange Lake Canada Alkaline granite 
and syenite

S 56.30 –64.12

Niobec Canada Carbonatite L 48.53 –71.15

Crevier Canada Carbonatite S 49.50 –72.82
Oka Canada Carbonatite S 45.50 –74.02
Yichun China Rare-metal granite L 27.65 114.52
Nanping China LCT pegmatite L 26.67 118.10
801 China Rare-metal granite L 44.62 120.97
Bayan Obo China Carbonatite L 41.80 109.97
Kibara pegmatite  

belt
Democratic Republic of the 

Congo and Rwanda
LCT pegmatite L –2.00 28.00

Abu Dabbab Egypt Rare-metal granite S 25.34 34.54

Nuweibi Egypt Rare-metal granite S 25.20 34.50

Umm Naggat Egypt Rare-metal granite S 25.20 34.50
Kenticha Ethiopia LCT pegmatite L 5.52 39.03
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Table M4. Location, grade, tonnage, and other data for selected niobium-tantalum deposits of the world.— Continued

[Symbol size (small, large) corresponds to size of symbols shown in figure M5; deposit grade and tonnage are shown graphically in figure M6. Symbol size: 
S, small; L, large. WGS 84, World Geodetic System of 1984; negative values for latitude indicate that the deposit is in the Southern Hemisphere; negative 
values for longitude indicate that the deposit is in the Western Hemisphere. Nb O , niobium pentoxide; Ta O , tantalum pentoxide. Resource categories: 2 5 2 5
M+In+If, measured+indicated+inferred; In+If, indicated+inferred. LCT, lithium-cesium-tantalum; Ma, mega-annum; NA, not available]

Latitude LongitudeSymbol  
Deposit Country Deposit type

size (decimal degrees WGS 84)

Sokli Finland Carbonatite S 67.77 29.23
Beauvoir-Echassieres France Rare-metal granite S 46.18 2.93
Ilimaussaq Greenland Alkaline granite S 61.01 –45.71

and syenite
Motzfeldt Greenland Alkaline granite S 61.20 –45.00

and syenite
Kanyika Malawi Alkaline granite S –12.63 33.63

and syenite
Halzan-Buregtei Mongolia Alkaline granite S 48.42 91.97

and syenite
Tamazeght Morocco Alkaline granite S 32.61 –4.53

and syenite
Marropino Mozambique LCT pegmatite L –16.51 37.90
Morrua Mozambique LCT pegmatite L –16.27 37.87
Muiane Mozambique LCT pegmatite L –15.74 38.25

Mutala Mozambique LCT pegmatite L –15.92 37.92
Tantalite Valley Namibia LCT pegmatite L –28.72 18.80
Three Aloes Namibia LCT pegmatite L –21.22 14.87
Central Nigerian  Nigeria LCT pegmatite S 8.00 6.00

pegmatite belt
Jos Plateau Nigeria Alkaline granite L 9.17 9.75

and syenite
Tomtor Russia Carbonatite S 71.05 116.57

Katuginskoye Russia Alkaline granite S 56.50 119.33
and syenite

Etykinskoye Russia Rare-metal granite L 47.57 134.72
Vishnyalovskoye Russia LCT pegmatite L 55.22 97.75
Voznesenovskoye Russia Rare-metal granite S 44.17 132.19
Alakhinskoye Russia Rare-metal granite S 49.44 86.96
Lovozero Russia Alkaline granite/ L 67.89 34.61

syentite
Ghurayyah Saudi Arabia Alkaline granite S 27.92 35.80

and syenite
Pilanesberg South Africa Alkaline granite S –24.23 27.07

and syenite
Kougarok United States Rare-metal granite S 65.71 –165.23
Elk Creek United States Carbonatite S 40.27 –96.19
Iron Hill (Powderhorn) United States Carbonatite S 38.23 –106.71

Eagle Zimbabwe LCT pegmatite L –18.50 32.43
Donsa Zimbabwe LCT pegmatite L –18.50 32.43

Table M4. Location, grade, tonnage, and other data for selected niobium-tantalum deposits of the world.—Continued

[Symbol size (small, large) corresponds to size of symbols shown in figure M5; deposit grade and tonnage are shown graphically in figure M6. Symbol size: 
S, small; L, large. WGS 84, World Geodetic System of 1984; negative values for latitude indicate that the deposit is in the Southern Hemisphere; negative 
values for longitude indicate that the deposit is in the Western Hemisphere. Nb2O5, niobium pentoxide; Ta2O5, tantalum pentoxide. Resource categories: 
M+In+If, measured+indicated+inferred; In+If, indicated+inferred. LCT, lithium-cesium-tantalum; Ma, mega-annum; NA, not available]

Age
Resource 
(million 

metric tons)

Grade 
(% Nb2O5)

Grade 
(% Ta2O5)

Resource 
categories

Reference(s) Deposit

NA 110 ? NA Hard rock ore Siirama, 2009 Sokli
308 ± 2 Ma 0.02 NA 0.012 NA Raimbault and others, 1985 Beauvoir-Echassieres

NA 54 0.11 0.04 Resources Salvi and Williams-Jones, 
2005; Fetherston, 2004

Ilimaussaq

NA 340 0.46 0.185 M+In+If Ram Resources Ltd., 2012, 
p. 8

Motzfeldt

NA 60 0.29 0.014 M+In+If Papp, 2013a Kanyika

NA NA NA NA NA Fetherston, 2004 Halzan-Buregtei

About 40 Ma NA NA NA NA Marks and others, 2008 Tamazeght

NA 7.396 NA 0.0223 M+In+If Noventa Ltd., 2011, p. 91 Marropino
NA 7.77 NA 0.0248 NA Noventa Ltd., 2011, p. 91 Morrua
NA 1.375 NA 0.025 M+In+If Global Mining Services  

Pty. Ltd., 2009, p. 57
Muiane

NA NA NA NA NA Papp, 2013a Mutala
NA 0.74 NA 0.043 NA Fetherston, 2004 Tantalite Valley
NA 7.2 NA 0.05 NA Fetherston, 2004 Three Aloes

535 to 555 Ma NA NA NA NA Matheis, 1987; Melcher  
and others, 2015

Central Nigerian  
pegmatite belt

About 198 Ma NA NA NA NA Melcher and others, 2015 Jos Plateau

700 Ma and  
400 Ma (?)

NA NA NA Placer Pollard, 1995 Tomtor

NA 774 NA 0.025 Reserves Fetherston, 2004 Katuginskoye

NA 0.0127 NA 0.013 Reserves Fetherston, 2004 Etykinskoye
NA NA NA NA NA Fetherston, 2004 Vishnyalovskoye
NA 17.2 0.016 0.012 NA Fetherston, 2004 Voznesenovskoye
NA 0.015 to 0.020 NA 0.013 to 0.017 NA Fetherston, 2004 Alakhinskoye
NA NA NA NA NA Salvi and Williams-Jones, 

2005; Fetherston, 2004
Lovozero

NA 385 0.284 0.0245 NA Tertiary Minerals plc, 2013 Ghurayyah

NA NA NA NA NA Lurie, 1986 Pilanesberg

NA NA NA NA NA Fetherston, 2004 Kougarok
NA 102.6 0.638 NA In+If Daigle, 2012 Elk Creek
NA 0.374 0.057 NA NA Long and others, 2010 Iron Hill (Powder-

horn)
NA 0.61 NA 0.034 NA Fetherston, 2004 Eagle
NA 1.62 NA 0.025 NA Fetherston, 2004 Donsa
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Table M4. Location, grade, tonnage, and other data for selected niobium-tantalum deposits of the world.— Continued

[Symbol size (small, large) corresponds to size of symbols shown in figure M5; deposit grade and tonnage are shown graphically in figure M6. Symbol size: 
S, small; L, large. WGS 84, World Geodetic System of 1984; negative values for latitude indicate that the deposit is in the Southern Hemisphere; negative 
values for longitude indicate that the deposit is in the Western Hemisphere. Nb2O5, niobium pentoxide; Ta2O5, tantalum pentoxide. Resource categories: 
M+In+If, measured+indicated+inferred; In+If, indicated+inferred. LCT, lithium-cesium-tantalum; Ma, mega-annum; NA, not available]

Table M4. Location, grade, tonnage, and other data for selected niobium-tantalum deposits of the world.—Continued

[Symbol size (small, large) corresponds to size of symbols shown in figure M5; deposit grade and tonnage are shown graphically in figure M6. Symbol size: 
S, small; L, large. WGS 84, World Geodetic System of 1984; negative values for latitude indicate that the deposit is in the Southern Hemisphere; negative 
values for longitude indicate that the deposit is in the Western Hemisphere. Nb O , niobium pentoxide; Ta O , tantalum pentoxide. Resource categories: 2 5 2 5
M+In+If, measured+indicated+inferred; In+If, indicated+inferred. LCT, lithium-cesium-tantalum; Ma, mega-annum; NA, not available]

Age
Resource 
(million 

metric tons)

Grade 
(% Nb O )2 5

Grade 
(% Ta O )2 5

Resource 
categories

Reference(s) Deposit

NA
308 ± 2 Ma

NA

NA

NA

NA

About 40 Ma

NA
NA
NA

NA
NA
NA

535 to 555 Ma

About 198 Ma

700 Ma and  
400 Ma (?)

NA

NA
NA
NA
NA
NA

NA

NA

NA
NA
NA

NA
NA

110
0.02

54

340

60

NA

NA

7.396
7.77
1.375

NA
0.74
7.2

NA

NA

NA

774

0.0127
NA
17.2

0.015 to 0.020
NA

385

NA

NA
102.6

0.374

0.61
1.62

?
NA

0.11

0.46

0.29

NA

NA

NA
NA
NA

NA
NA
NA
NA

NA

NA

NA

NA
NA

0.016
NA
NA

0.284

NA

NA
0.638
0.057

NA
NA

NA
0.012
0.04

0.185

0.014

NA

NA

0.0223
0.0248
0.025

NA
0.043
0.05
NA

NA

NA

0.025

0.013
NA

0.012
0.013 to 0.017

NA

0.0245

NA

NA
NA
NA

0.034
0.025

Hard rock ore
NA

Resources

M+In+If

M+In+If

NA

NA

M+In+If
NA

M+In+If

NA
NA
NA
NA

NA

Placer

Reserves

Reserves
NA
NA
NA
NA

NA

NA

NA
In+If
NA

NA
NA

Siirama, 2009
Raimbault and others, 1985
Salvi and Williams-Jones, 

2005; Fetherston, 2004
Ram Resources Ltd., 2012, 

p. 8
Papp, 2013a

Fetherston, 2004

Marks and others, 2008

Noventa Ltd., 2011, p. 91
Noventa Ltd., 2011, p. 91
Global Mining Services  

Pty. Ltd., 2009, p. 57
Papp, 2013a
Fetherston, 2004
Fetherston, 2004
Matheis, 1987; Melcher  

and others, 2015
Melcher and others, 2015

Pollard, 1995

Fetherston, 2004

Fetherston, 2004
Fetherston, 2004
Fetherston, 2004
Fetherston, 2004
Salvi and Williams-Jones, 

2005; Fetherston, 2004
Tertiary Minerals plc, 2013

Lurie, 1986

Fetherston, 2004
Daigle, 2012
Long and others, 2010

Fetherston, 2004
Fetherston, 2004

Sokli
Beauvoir-Echassieres
Ilimaussaq

Motzfeldt

Kanyika

Halzan-Buregtei

Tamazeght

Marropino
Morrua
Muiane

Mutala
Tantalite Valley
Three Aloes
Central Nigerian  

pegmatite belt
Jos Plateau

Tomtor

Katuginskoye

Etykinskoye
Vishnyalovskoye
Voznesenovskoye
Alakhinskoye
Lovozero

Ghurayyah

Pilanesberg

Kougarok
Elk Creek
Iron Hill (Powder-

horn)
Eagle
Donsa

Deposit Country Deposit type
Symbol  

size

Latitude Longitude

(decimal degrees WGS 84)

Sokli Finland Carbonatite S 67.77 29.23
Beauvoir-Echassieres France Rare-metal granite S 46.18 2.93
Ilimaussaq Greenland Alkaline granite 

and syenite
S 61.01 –45.71

Motzfeldt Greenland Alkaline granite 
and syenite

S 61.20 –45.00

Kanyika Malawi Alkaline granite 
and syenite

S –12.63 33.63

Halzan-Buregtei Mongolia Alkaline granite 
and syenite

S 48.42 91.97

Tamazeght Morocco Alkaline granite 
and syenite

S 32.61 –4.53

Marropino Mozambique LCT pegmatite L –16.51 37.90
Morrua Mozambique LCT pegmatite L –16.27 37.87
Muiane Mozambique LCT pegmatite L –15.74 38.25

Mutala Mozambique LCT pegmatite L –15.92 37.92
Tantalite Valley Namibia LCT pegmatite L –28.72 18.80
Three Aloes Namibia LCT pegmatite L –21.22 14.87
Central Nigerian  

pegmatite belt
Nigeria LCT pegmatite S 8.00 6.00

Jos Plateau Nigeria Alkaline granite 
and syenite

L 9.17 9.75

Tomtor Russia Carbonatite S 71.05 116.57

Katuginskoye Russia Alkaline granite 
and syenite

S 56.50 119.33

Etykinskoye Russia Rare-metal granite L 47.57 134.72
Vishnyalovskoye Russia LCT pegmatite L 55.22 97.75
Voznesenovskoye Russia Rare-metal granite S 44.17 132.19
Alakhinskoye Russia Rare-metal granite S 49.44 86.96
Lovozero Russia Alkaline granite/

syentite
L 67.89 34.61

Ghurayyah Saudi Arabia Alkaline granite 
and syenite

S 27.92 35.80

Pilanesberg South Africa Alkaline granite 
and syenite

S –24.23 27.07

Kougarok United States Rare-metal granite S 65.71 –165.23
Elk Creek United States Carbonatite S 40.27 –96.19
Iron Hill (Powderhorn) United States Carbonatite S 38.23 –106.71

Eagle Zimbabwe LCT pegmatite L –18.50 32.43
Donsa Zimbabwe LCT pegmatite L –18.50 32.43
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Carbonatites and Associated Rocks
Carbonatites are igneous rocks that are more than 

50 percent composed of primary carbonate minerals, by 
volume, mainly calcite (CaCO3), dolomite (CaMg(CO3)2), 
and ankerite (Ca(Mg,Fe2+,Mn)(CO3)2). Associated minerals 
commonly include alkali-rich (sodium or potassium) 
pyroxenes and amphiboles, phlogopite (magnesium-rich 
mica), magnetite, apatite (calcium phosphate), and olivine 
(iron-magnesium silicate). In addition, a large number of rare 
or exotic minerals may be present. Most carbonatites occur 
as relatively small (up to a few tens of square kilometers) 
intrusions, such as dikes, sills, and small plug- or crescent-
shaped bodies (fig. M7A); more rarely, they can occur as 
larger intrusions (plutons) or as volcanic deposits (lava flows 
and fragmental rocks). In three dimensions, carbonatite 
intrusions typically form vertical pipe-like bodies (fig. M7B). 
Carbonatites are commonly spatially associated with alkaline 
silicate rocks characterized by a wide range of sodium- or 
potassium-rich minerals and little or no quartz (Barker, 1989). 

Many carbonatites are surrounded by an aureole of chemically 
altered country rocks (fenites) produced by the reaction of 
nearby rocks with hot sodium- and (or) potassium-rich fluids 
derived from the carbonatite (fig. M7).

A recent compilation by Woolley and Kjarsgaard 
(2008) lists 527 carbonatites worldwide. Most carbonatites 
(88 percent of all dated carbonatites) are located in cratons 
(the oldest, stable portions of continents) and were emplaced 
during periods of continental extension or rifting. In many 
carbonatite-bearing provinces, there have been repeated 
episodes of carbonatite emplacement, with as many as five 
episodes separated by hundreds of millions of years and 
extending from the late Archean to the present. Sixty-four 
percent of dated carbonatites are Paleozoic in age, however 
(Woolley and Bailey, 2012). Their source magmas are thought 
to be derived directly from the mantle by relatively small 
degrees of partial melting and emplaced along major faults or 
crustal boundaries reopened in response to major changes in 
global plate-tectonic movements (Woolley and Bailey, 2012).
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Carbonatites are typically enriched in barium, fluorine, 
niobium, phosphorus, REEs, strontium, thorium, uranium, 
and zirconium. Not all carbonatites show similar enrichments 
in all elements, however; those related to carbohydrothermal 
fluids (hot fluids rich in carbon dioxide and water ± fluorine) 
typically have enriched REEs and strontium, but not niobium, 
whereas carbonatites associated with alkaline igneous rocks 
are typically enriched in niobium, phosphorus, and titanium, 
but not REEs (Mitchell, 2005). The most common niobium-
bearing minerals in carbonatites include members of the 
pyrochlore and perovskite mineral groups, as well as niobium-
rich silicates, such as titanite. The diversity of mineral types 
in carbonate-hosted deposits, their diverse compositions, and 
textural evidence for replacement and resorption of mineral 
phases suggest that the niobium-bearing minerals represent 
transported and (or) mixed mineral assemblages and are not 
in situ products of crystallization (Mitchell, 2005). Along with 
serving as the major source of niobium, carbonatites can also 
host deposits of barite, copper, fluorite, magnetite, phosphate, 
REEs, titanium, and vermiculite (Mariano, 1989).

Brazil is the world’s leading supplier of niobium (about 
90 percent); its major deposits occur in Late Cretaceous 
carbonatite complexes. These complexes were emplaced along 
deep-seated faults located along the southwestern border of the 
ancient (Archean) São Francisco craton (Cordeiro and others, 
2011). The Araxá deposit is the largest operating deposit; it 
has more than 460 million metric tons of weathered ore with 
a mean grade of 2.48 percent Nb2O5 (fig. M5; Cordeiro and 
others, 2011). The Barreiro carbonatite complex that hosts 
the Araxá deposit is approximately circular in shape with 
a diameter of about 4.5 kilometers (km); it is composed of 
carbonatite, glimmerite (altered ultramafic rock composed 
almost entirely of biotite or phlogopite), and phoscorite (a 
rock composed of magnetite, apatite, and one of the silicate 
minerals clinopyroxene, olivine, or phylogopite) (Nasraoui and 
Waerenborgh, 2001). The complex is surrounded by a 2.5-km-
wide aureole of metasomatized (fluid-altered), alkali-enriched 
quartzite and mica schist country rocks. Phoscorite, which 
forms thick masses in dolomitic carbonatite in the central part 
of the complex, shows the highest concentrations of pyro-
chlore, the main niobium-bearing ore mineral, either as indi-
vidual grains or in veins associated with magnetite. Intensive 
tropical weathering over the central part of the carbonatite 
complex has produced a lateritic cover up to 230 meters (m) 
thick that is enriched in pyrochlore and comprises the residual 
ore at Araxá (Nasraoui and Waerenborgh, 2001). The lateritic 
residual ore is exploited by open pit mining.

At Catalão, Brazil, niobium deposits are associated 
with two alkaline-carbonatite complexes, Catalão I and 
Catalão II (Cordeiro and others, 2011). The Catalão I complex 
consists of a vertical pipe-like, zoned intrusion about 6 
km in diameter at the surface. Two pipe-like orebodies, the 
Mine II and the East Area, have been defined (Cordeiro 
and others, 2011). The Mine II orebody is hosted mainly by 
dolomitic carbonatite, and the East Area orebody is hosted by 

glimmerite. Both orebodies have been confirmed by drilling 
to extend to at least 800 m depth. The main niobium-bearing 
mineral in both deposits is pyrochlore, which in the East 
Area deposit is concentrated in late-stage dikes composed of 
nelsonite (magnetite-apatite-phlogopite rock). As at Araxá, 
current mining at Catalão II is in the weathered lateritic zone 
above the center of the complex.

The leading producer of niobium outside of Brazil is 
the Niobec Mine in Quebec, Canada. This mine is the only 
operating underground niobium mine in the world. The 
Niobec Mine is hosted by the Saint-Honoré carbonatite 
complex dated at 650 mega-annum (Ma) (Belzile, 2009), 
which is covered by Paleozoic limestone and glacial deposits. 
The ellipsoidal Saint-Honoré carbonatite complex is zoned 
with an outer ring of feldspathic (feldspar-bearing) and 
feldspathoidal (minerals that resemble feldspar but have a 
different structure and much lower silica content) alkaline 
rocks and an inner zone consisting of a series of carbonatite 
lenses (fig. M7). Like the Brazilian deposits, pyrochlore is 
the main niobium-bearing mineral, but it is very fine-grained 
(0.2 to 0.8 millimeters) and rarely visible. Although dissemi-
nated throughout the carbonatite, pyrochlore is especially 
concentrated in steeply dipping (>70 degrees) mineralized 
lenses that are rich in, in order of abundance, magnetite, 
apatite, and biotite (Belzile, 2009). Some lenses extend to 
a vertical depth of at least 730 m and have average grades 
of between 0.44 and 0.51 percent Nb2O5. Other carbonatite 
complexes in Canada, including the nearby Crevier syenite-
carbonatite complex, the Oka carbonatite complex to the 
south, and the Blue River complex in British Columbia, are 
currently being evaluated for their niobium resources.

Other carbonatite complexes around the world are known 
to host niobium mineralization, but none are currently in 
production. Two complexes are claimed to contain particularly 
large resources. The Tomtor complex in northern Siberia, 
Russia, is claimed to contain more niobium than the Araxá 
complex in Brazil along with significant REE resources 
(Kravchenko and Pokrovsky, 1995); grade and tonnage 
figures for the deposit are not publicly available. Although the 
central carbonatite in the Tomtor complex is reported to be 
mineralized, the higher grade niobium (>12 percent niobium) 
and REE-rich ore is in weathered carbonatite and in a buried 
placer deposit interpreted to have formed in an ancient lake 
overlying the complex (Kravchenko and Pokrovsky, 1995). 
The Morro dos Seis Lagos carbonatite in northwestern 
Brazil is poorly known but is reported to contain the world’s 
largest single niobium deposit; its resources are said to 
be 2,900 million metric tons grading 2.85 percent Nb2O5 
(Pollard, 1995).

Woolley and Kjarsgaard (2008) report 23 carbonatites in 
the United States. Of these, the Elk Creek carbonatite, which 
is located in the subsurface of Nebraska, is currently being 
evaluated. The inferred resources at the deposit are reported 
to be 102.6 million metric tons grading 0.638 percent Nb2O5 
(Daigle, 2012).
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Alkaline to Peralkaline Granites and Syenites

The term “alkaline” encompasses a large variety of 
igneous rocks containing certain sodium- or potassium-rich 
minerals, such as feldspathoids and (or) alkali-rich pyroxenes 
and amphiboles and generally little or no quartz (Sørensen, 
1974). Peralkaline rocks are a subset of alkaline rocks and are 
characterized by having a molecular amount of Na2O +K2O 
that exceeds Al2O3 (termed the agpaitic index >1). Alkaline 
rocks can range from ultramafic to felsic and from silica-
undersaturated (feldspathoid-bearing) to silica-oversaturated 
(quartz-bearing). They are most commonly found in intraplate 
settings, such as continental rift zones (for example, the 
East African rift zone) and oceanic islands (for example, the 
Azores, Hawaii, and Réunion), but they can also be found in 
some orogenic belts where they were emplaced after major 
tectonic deformation. An important feature of alkaline rocks, 
but particularly peralkaline rocks, is unusual and locally 
extreme enrichment in alkalis; HFSEs, including zirconium, 
niobium, titanium, uranium, yttrium, and REEs; and halogens, 
such as fluorine and chlorine (Salvi and Williams-Jones, 
2005). As a result, alkaline igneous rocks can contain mineral 
deposits with high contents of HFSEs, including niobium, but 
they less commonly have high contents of tantalum.

Alkaline magmas are the product of low degrees of 
partial melting in a deep, chemically undepleted mantle (Niu 
and O’Hara, 2003). As a result, alkaline magmas are enriched 
over many other magma types in incompatible elements, 
including the HFSEs. These incompatible elements become 
further enriched as the alkaline magmas cool and crystallize, 
becoming concentrated in the most evolved, volatile-rich 
granitic and syenitic (same general composition as granite 
but with potassium feldspar dominant and little or no quartz 
[< 5 percent]) melts and eventually forming disseminated ore 
minerals in the crystallized rocks. In addition, because the 
HFSEs form relatively dense minerals, they can accumulate 
into layers through crystal settling and be transported and 
mixed by currents or new injections of magma (Mitchell, 
2005). Many alkaline igneous complexes also show extensive 
evidence of hydrothermal alteration, commonly with the most 
altered rocks also having the highest HFSE and REE contents. 
Although the role of fluids in the transport of HFSEs and REEs 
is still a matter of debate, growing evidence suggests that these 
elements are mobile in fluids that are enriched in fluorine, 
chlorine, and (or) carbon dioxide (CO2) (Salvi and Williams-
Jones, 2005). Typical ore minerals in mineralized peralkaline 
granites are usually niobium-rich pyrochlore and columbite.

Alkaline intrusive complexes are not currently major 
sources of niobium and tantalum production, although 
exploration is ongoing in some areas (for example, Strange 
Lake in Canada and Ghurayyah in Saudi Arabia). Examples 
of alkaline igneous complexes include the Pitinga complex 
in Brazil, the Strange Lake and Thor Lake complexes in 
Canada, the Ilímaussaq and Motzfeldt complexes in southern 
Greenland, the very large Lovozero complex in Russia, and 
the Pilanesberg complex in South Africa (fig. M5). Alkaline 

intrusive complexes have been identified in the United States, 
including Bokan Mountain in Alaska and Magnet Cove in 
Arkansas, but they are not known to contain significant 
niobium and tantalum resources of current economic interest.

The Devonian Lovozero alkaline complex on the Kola 
Peninsula of Russia and the adjacent Khibina complex 
together make up the largest peralkaline igneous intru-
sions in the world, covering an area of about 2,000 square 
kilometers (km2 ). The Khibina complex is host to one of the 
largest phosphate resources in the world (2.7 billion metric 
tons averaging 17.5 percent phosphorus pentoxide [P2O5]), 
whereas the Lovozero complex hosts zirconium, niobium, 
REEs, yttrium, strontium, barium, and phosphorus, which 
occur as eudialyte (a zirconium-bearing silicate mineral), 
loparite, and apatite (Salvi and Williams-Jones, 2005). The 
Lovozero complex, which is exposed over an area of 650 km2, 
occurs as a trough-shaped intrusion composed of three main 
intrusive phases (fig. M8) (Kogarko and others, 2010). The 
oldest phase (phase 1), which accounts for about 5 percent of 
the total volume, consists of nepheline syenites with varied 
mineralogy, but it contains no loparite or eudialyte. The next 
phase, (phase II), which accounts for about 77 percent of 
the total volume, consists of layered nepheline syenites with 
varied mineralogy and locally accessory loparite or eudialyte. 
Loparite is concentrated up to 25 percent, by volume, in some 
layers (Kogarko and others, 2002). Loparite concentrate has 
been produced intermittently during the past 50 years; about 
30,000 metric tons grading 8 percent Nb2O5 and 0.7 percent 
Ta2O5 has reportedly been produced annually (Semenov, 
1997). The third intrusive phase (phase III), which is also 
known as the eudialyte complex, accounts for about 18 percent 
of the total volume and consists of nepheline syenites that, 
particularly in the upper part of the complex, can contain 
seams and lenses of almost monomineralic eudialyte (50 to 
85 percent) (Kogarko and others, 2010).

The Mesoproterozoic Ilímaussaq alkaline complex in 
southwestern Greenland is one of the most studied alkaline 
complexes in the world (Sørensen, 2001). It is 1 of 10 alkaline 
intrusions in the Gardar igneous province, which is a failed 
continental rift that was active between 1,350 and 1,140 Ma 
(Upton and others, 2003). The Ilímaussaq alkaline complex 
is the type locality for the rock-type peralkaline nepheline 
syenite and also 27 minerals. It contains large concentrations 
of a number of rare elements, including beryllium, lithium, 
niobium, REEs, uranium and thorium, yttrium, and zirconium, 
contained in about 220 different minerals, of which 9 are 
unique to this complex (Sørensen, 2001). The complex covers 
136 km2 and has an exposed vertical thickness of 1,700 m; 
its total depth is not known. The main rare-metal deposits 
with potentially exploitable niobium, REEs, yttrium, and 
zirconium are present in 29 separate eudialyte-rich layers 
interpreted to have formed by crystal settling (Sørensen, 
2001). Cumulatively, these rocks are estimated to contain a 
resource of about 54 million metric tons grading 1.1 percent 
zirconium dioxide (ZrO2), 0.09 percent yttrium oxide (Y2O3), 
0.56 percent rare-earth oxides, and 0.11 percent Nb2O5 
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Figure M8. Schematic cross-section of the Lovozero alkaline intrusion, Kola Peninsula, Russia, showing the relation 
among the three intrusive phases and the niobium mineralization contained in eudialyte and loparite. After Kogarko 
and others (2002).

(Steenfelt, 1991). The Motzfeldt intrusion, which is another 
of the alkaline intrusions in the Gardar igneous province, has 
zones of hydrothermally altered syenite containing niobium-
tantalum-REE-bearing pyrochlore mineralization (Steenfelt, 
1991), which is the focus of ongoing exploration.

Rare-Metal Granites and Lithium-Cesium-
Tantalum–Type Pegmatites

All economically important tantalum mineralization 
is related to rare-metal granites (also called rare-element 
granites) and lithium-cesium-tantalum (LCT)-type pegmatites. 
The rare-metal granites are generally peraluminous (have 
molecular Al2O3>[CaO+Na2O+K2O]), muscovite- and albite-
rich granites that display high degrees of chemical fraction-
ation, and represent the last stages of felsic magma evolution 
in upwardly differentiated granitic intrusions (Linnen and 
Cuney, 2005). The parental magmas are formed by partial 
melting of preexisting crustal rocks, particularly aluminous 
sediments, and are generally emplaced at shallow levels of the 
crust (in the upper few kilometers) during the late stages of or 
after major tectonic deformation and regional metamorphism 
in orogenic belts. They may show pervasive hydrothermal 
alteration and host disseminated tantalum and niobium 

mineralization, as well as tin and tungsten, in complex vein 
systems (stockworks) that developed from circulation of 
late-stage hydrothermal fluids. Typical mineralization consists 
of microlite, columbite-tantalite, tantalum-rich cassiterite (tin 
oxide), and lepidolite (lithium-rich mica).

LCT-type pegmatites are generally small (meters rather 
than kilometers in length and width) granitic intrusions 
characterized by extremely coarse but variable grain-size 
and enrichments in lithium, rubidium, cesium, beryllium, 
tantalum, and niobium (Ta>Nb) (Černý and Ercit, 2005). 
They are the products of highly fractionated and volatile-rich 
granitic magmas generally derived from rare-metal granites. 
They commonly occur in aureoles surrounding the roof of 
their parental granite intrusion, and the mineralized and most 
fractionated pegmatites are found the farthest away (fig. M9). 
Most LCT-type pegmatites are concentrically but irregularly 
zoned (fig. M10), and typically have a thin border zone, a 
wall zone, an intermediate zone, an albite zone, and a core 
zone (Cameron and others, 1949; Fetherston, 2004). Tantalum 
mineralization is mostly concentrated in the intermediate and 
albite zones and generally consists of columbite-tantalite, 
ixiolite, microlite, and (or) wodginite. Additional minerali-
zation may be present, including beryllium (as beryl, a 
beryllium aluminum silicate), cesium (as pollucite, a cesium 
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zeolite), lithium (as spodumene, a lithium pyroxene; petalite, 
a lithium aluminum silicate; and lepidolite), tin (as cassiterite, 
a tin oxide), and a number of gemstones. LCT-type pegmatites 
are also mined for albite, muscovite, potassium feldspar, 
and ultrapure quartz. Like their parental rare-metal granites, 
LCT-type pegmatites are widely distributed globally (fig. M5), 
and range in age from Archean to Mesozoic, but they are 
found to be concentrated particularly during times of conti-
nental collision and supercontinent assembly (Bradley and 
McCauley, 2013). By far the largest LCT-pegmatite-hosted 
mineral deposits are of Archean age, however (for example, 
the Greenbushes and Wodgina deposits in Australia and the 
Tanco deposit in Canada).

In recent years, pegmatites in the State of Western 
Australia, Australia, have been major world suppliers of 
tantalum, particularly the Greenbushes and the Wodgina Mines. 
The giant (>3 km long) Greenbushes pegmatite is located 
250 km south of Perth and has been mined for tin and tantalum 
since 1888, and more recently also for kaolin and lithium 
(Partington and others, 1995). It contains the world’s largest 
identified pegmatite-hosted tantalum resource and mining 
operation. The pegmatite is late Archean in age and appears to 
have been intruded along a crustal fault zone synchronously 
with deformation. Unlike many other pegmatite districts, 
there is no evidence for a nearby parental granite pluton for 
the Greenbushes pegmatite. Four major compositional zones 
have been identified; however, the most compositionally 
evolved zones (that is, the most lithium-rich) occur at the top 
and bottom of the pegmatite rather than at the center. Early 
formed tantalum minerals are mainly wodginite and ixiolite; 
later tantalum minerals (tantalite and tapiolite) occur within 
fractures, whereas microlite is related to later hydrothermal 
mineralization (Partington and others, 1995). The main 
ore zones generally occur within the more tourmaline-rich 
portions of albite-rich zones in the pegmatite. Most ore 
produced at Greenbushes since 1888 has been by open pit 
mining of weathered pegmatite and alluvial sources; recently, 
however, underground mining of hard-rock ore has also begun.

The Wodgina pegmatite district is one of more than 
27 pegmatite districts located in the northern part of Western 
Australia, Australia; it includes the Wodgina main lode and 
Mount Cassiterite tantalum-mineralized pegmatites (Sweetapple 
and Collins, 2002). The Wodgina main lode pegmatite is a 
north-south-trending, easterly dipping (20 to 50 degrees) dike 
with a total length of about 1 km and a thickness ranging from 
5 to 40 m; most mining has been in the northern, thicker end. 
Originally discovered in 1902, the Wodgina pegmatite has 
intermittently produced beryl, tantalum, and tin during the 
past 100 years. The main tantalum mineral is manganese-rich 
tantalite, which, together with some manganese-rich columbite 
and wodginite, is found mainly in marginal cleavelandite (a 
platy form of albite) (Sweetapple and Collins, 2002). In the 
Mount Cassiterite pegmatite, which lies just south of Wodgina, 
wodginite is the main tantalum mineral (Sweetapple and 
Collins, 2002). Tantalum from both pegmatites is recovered by 

open pit mining. Additional tantalum-bearing pegmatites occur 
in Western Australia, including the producing Mount Cattlin 
pegmatite, as well as the Bald Hill and the Mount Deans 
deposits, which are under development (Fetherston, 2004).

A number of pegmatite fields are present in Africa 
(fig. M5). Pegmatites in Ethiopia (Kenticha) and Mozambique 
(Marropino) were significant tantalum producers in the 
2000–13 time period (Bleiwas and others, 2015); others were 
undergoing exploration or development for tantalum and 
associated resources (for example, the Morrua and the Mutala 
pegmatites in Mozambique). Mining of columbite-tantalite 
(also called coltan) from weathered pegmatites and from 
secondary placer deposits derived from pegmatites in central 
Africa, particularly in Burundi, the Democratic Republic 
of the Congo (Congo [Kinshasa]), Nigeria, Rwanda, and 
Uganda, has been conducted mainly by artisanal family 
mining groups and prospectors. The Main Kenticha pegmatite 
in Ethiopia is a Cambrian-age intrusion exposed across a 
length of more than 2 km (Küster, 2009). The pegmatite 
displays asymmetric internal textural and mineral zonation 
with manganese-rich tantalite as well as ixiolite concentrated 
in the upper intermediate and core zones. The deposit also 
contains valuable lithium resources, although these are not 
currently mined. Tantalum production has been from deeply 
weathered regolith over the pegmatite; however, exploration 
drilling of the hard-rock pegmatite is being conducted to 
evaluate the size of the primary mineralization (Küster, 2009). 
To the south of Kenticha, the Alto Ligonha pegmatite province 
in Mozambique contains numerous mineralized pegmatites, 
which have been mined intermittently since 1926. Tantalum 
concentrate was produced from ore from the Marropino Mine, 
concessions were held for the Morrua and Mutala deposits, 
and exploration was ongoing in adjacent areas. In Egypt, 
rare-metal granites were the focus of ongoing exploration 
and development activities, including the Abu Dabbab and 
Nuweibi granites (Küster, 2009). These deposits consist 
of fine-grained columbite-tantalite minerals disseminated 
throughout the granite intrusions. In addition, these intrusions 
host tin mineralization and ceramic-grade feldspar (Bleiwas 
and others, 2015).

In China, the Yichun tantalum-niobium-lithium deposit 
is the leading tantalum producer, accounting for more than 
one-half of China’s tantalum output (Fetherston, 2004). 
The deposit is in a small, sheet-like rare-metal granite that 
represents the most fractionated and youngest phase of the 
Jurassic Yanshan granite intrusion (Yin and others, 1995). The 
main tantalum minerals in this deposit are columbite-tantalite 
and tantalum-rich cassiterite along with minor microlite. The 
801 Mine, which is located in the eastern part of the Inner 
Mongolia Autonomous Region about 640 km northeast of 
Beijing, is reported to have large resources of niobium, REEs, 
tantalum, and zirconium (Fetherston, 2004). Additionally, 
pegmatites in the Altai region of northwestern China and in 
the Nanping region of southeastern China have also produced 
columbite-tantalite.
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In South America, the Volta Grande pegmatite mine 
located near the city of Nazareno in the State of Minas 
Gerais, Brazil, is a significant supplier of lithium, niobium, 
and tantalum. The main deposit is in a large, about 1-km-
long, subhorizontal, zoned albite-spodumene pegmatite 
body of Paleoproterozoic age (Lagache and Quéméneur, 
1997). Cassiterite, microlite, and tantalite are the main 
tantalum-niobium-bearing minerals. A distinctive feature 
of pegmatites in the Volta Grande district is that they are 
exceptionally enriched in lithium and rubidium (Lagache 
and Quéméneur, 1997).

The only pegmatite mine in North America producing 
tantalum in the 2000–13 time period was the Tanco deposit 
at Bernic Lake in southeastern Manitoba, Canada (Bleiwas 
and others, 2015). Operated briefly as a tin mine begin-
ning in 1929, tantalum production began only in 1969. 
Full-scale mining to produce lithium from spodumene (the 
underground mine’s major product), along with cesium, 
rubidium, and tantalum, began in 1984. Tanco is part of the 
rare-metal-bearing Bernic Lake pegmatite group, which 
intrudes metamorphosed Archean volcanic rocks. The Tanco 
pegmatite occurs as a shallowly dipping sheet that is up to 
about 100 m thick and can be traced for about 1,600 m along 
strike. The pegmatite consists of nine zones, each of which has 
a different mineralogy, texture, and location, as well as a halo 
of altered mafic host rock. The deposit has a very complex 
mineralogy—more than 80 minerals are present, including 
14 tantalum-bearing minerals (Černý, 2005). Wodginite is the 
principal ore mineral, and it occurs mainly in a zone lying 
below the quartz core (Grice and others, 1972). Numerous 
other tantalum-bearing pegmatites have been identified in 
Ontario and Manitoba (Selway and others, 2005); several 
were undergoing evaluation of their tantalum and associated 
resources. In the United States, niobium-tantalum minerals, 
chiefly columbite, were recovered intermittently from a 
number of pegmatites in the past (Barton, 1962). The Harding 
pegmatite in New Mexico, which is a complexly zoned 
lithium- and beryllium-bearing pegmatite, was an important 
source of tantalum briefly during World War II and supplied 
about 3 metric tons of microlite concentrate (Parker and 
Adams, 1973). There has been no reported tantalum mine 
production in the United States since 1959.

Resources and Production
Data on global reserves and resources of niobium 

and tantalum are fragmentary and incomplete (Crockett 
and Sutphin, 1993). Identified resources of niobium and 
tantalum are large, however, and are estimated to be more 
than sufficient to meet global demand for possibly the next 
500 years (British Geological Survey, 2011). The specificity 
and accuracy of worldwide data for measured, indicated, 
and inferred resources and (or) proven and probable reserves 

vary widely. In general, the most accurate data are available 
only for individual mines or deposits, particularly those in 
Australia, Brazil, and Canada. Even in these cases, however, it 
is uncertain how reliable the national resource estimate totals 
are. In addition, some world demand for tantalum, and to a 
lesser extent, niobium, is met by production of these elements 
as byproducts of tin mining and metallurgy. Accurately 
measuring and classifying niobium and tantalum resources 
within the tin sector is difficult and has not been attempted 
(Crockett and Sutphin, 1993).

Niobium Reserves and Other Identified Resources

The current identified resources of niobium are located 
predominantly in Brazil (about 95 percent) and Canada 
(about 3.5 percent) (fig. M11) (British Geological Survey, 
2011; Papp, 2013b). Additional (though less well reported) 
resources are located in Angola, Australia, China, Greenland, 
Malawi, Russia, South Africa, and the United States. The 
largest niobium resources are hosted by carbonatite complexes 
in Brazil. Resources in alkaline granite or syenite complexes 
are widespread and can be large, but they are generally lower 
in grade than carbonatite-hosted deposits (fig. M6). In addi-
tion, these deposits tend to have more complex geology and 
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mineralogy than do carbonatites, which can affect the ease 
with which the niobium could be recovered.

The United States is estimated to have about 
150,000 metric tons of niobium resources; these resources 
are associated primarily with carbonatites and alkaline 
intrusive complexes and, to a lesser extent, with pegmatites 
(Parker and Adams, 1973). The resources in the United States 
are all considered to be subeconomic at current niobium prices 
(Papp, 2013b).

Tantalum Reserves and Other Identified Resources

Tantalum resources are more widespread than those of 
niobium. Brazil has the largest share of global resources—
about 106,000 metric tons of contained tantalum, which 
accounts for approximately 40 percent (fig. M12); the 
remaining 60 percent of identified tantalum resources occur in, 
in decreasing order of tonnage, Australia (about 54,000 metric 
tons), China and Southeast Asia (about 27,000 metric tons), 
Russia and the Middle East (about 26,000 metric tons), 
central Africa (about 23,000 metric tons), other Africa (about 
17,500 metric tons), North America (about 4,500 metric tons), 
and Europe (about 1,900 metric tons). Tantalum resources in 
Brazil are principally associated with large pyrochlore deposits 
in carbonatite complexes and in the Volta Grande pegmatite 
district, whereas those in Australia are principally hosted by 
LCT-type pegmatites.

The United States has about 1,500 metric tons of 
identified tantalum resources, all of which are considered 

subeconomic (Papp, 2013c). These resources are primarily 
hosted in numerous LCT-type pegmatite districts around the 
country (Bradley and McCauley, 2013).

Undiscovered Niobium and Tantalum Resources

Additional niobium and tantalum resources are contained 
in undiscovered deposits around the world. Some of these are 
likely to occur in more remote or covered areas, potentially 
making for more challenging and expensive exploration 
and mining. Many of the 527 known carbonatite complexes 
worldwide (Woolley and Kjarsgaard, 2008) have not been 
fully explored and may contain undiscovered mineralization. 
These complexes are particularly abundant in southern 
Africa, parts of Asia, Brazil, Canada, and Russia (Woolley 
and Kjarsgaard, 2008). These same areas also commonly host 
alkaline granite and syenite complexes, many of which also 
remain to be more fully explored. A number of carbonatites 
and alkaline intrusions are currently undergoing exploration 
activity because of recent efforts to find new sources of 
REE resources (Long, 2011).

Most of the identified carbonatites in the United States 
are currently known to have only low grades of niobium 
(Berger and others, 2009). An exception may be the Elk Creek 
carbonatite in Nebraska, which has inferred niobium resources 
of 102.6 million metric tons grading 0.638 percent Nb2O5 
(Daigle, 2012). Alkaline intrusions are widespread and occur 
in the Appalachian Mountains and the Ouachita Mountains, 
in west Texas, throughout the Rocky Mountain region, 
and in parts of Alaska (Barker, 1974). Additional alkaline 
granite-syenite intrusions have been identified in central 
Wisconsin and the Black Hills of South Dakota. Although 
most of these intrusions are not known to have significant 
niobium or tantalum mineralization, they have not all been 
fully explored. An exception is the Magnet Cove complex 
in southern Arkansas, which has a central carbonatite with 
niobium-rich perovskite but overall low grades (Morris, 1987). 
The Bokan Mountain alkaline granite intrusion in southern 
Alaska is being explored for REEs and uranium (Long and 
others, 2010). In addition, the Kougarok tin-bearing granite 
in the Seward Peninsula of Alaska is being evaluated for 
its tantalum resources. Archean rocks that could host giant 
LCT-type pegmatite deposits have limited occurrence in the 
United States, and are found mostly in northern Michigan, 
Minnesota, and Wyoming. Major pegmatite fields are not 
known in these areas, although exposures of rocks are limited 
in Michigan and Minnesota by glacial cover. Exploration 
of LCT-type pegmatites, such as those in the Appalachian 
Mountain and the Black Hills regions, have resulted in only 
subeconomic tantalum resources.

Figure M12. Bar chart showing global tantalum (Ta) 
resources and reserves, in thousand metric tons of Ta 

(British Geological Survey, 2011, p. 19).
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Niobium and Tantalum Production

Niobium
World mine production of niobium rose steadily from 

approximately 25,000 metric tons of elemental niobium in 
2000 to more than 60,000 metric tons of niobium in 2008, 
and it has remained fairly steady since then (fig. M13A). The 
increase between 2000 and 2008 is largely linked to increased 
consumption of microalloyed steel, which is used in the 
manufacture of cars, buildings, ships, and refinery equipment. 
Increased demand for these steels reflects in large part 
industrial development in such countries as Brazil, China, and 
India in that time period. In addition, increased demand for 
mobile telephones, superconducting magnets, and other high-
tech devices has helped spur niobium production. Brazil and 
Canada have been the leading nations that produce niobium 
mineral concentrates, with Brazil by far the leading producer 
(fig. M14A). The leading companies that produced niobium ore 
and concentrates were Companhia Brasileira de Metalurgia e 
Mineração (CBMM) (Araxá Mine), Anglo American Brazil 
Ltd. (Catalão Mine), and Companhia Industrial Fluminense 
Mineração S.A. (Volta Grande Mine) in Brazil, and IAMGOLD 
Corp. (Niobec Mine) in Canada. Other countries, including 
Burundi, China (Yichun Mine), Ethiopia (Kenticha Mine), 
Nigeria, Russia (Lovozero Mine), Rwanda, and Uganda, also 
produced niobium mineral concentrates in 2011.

The leading niobium producers process the ore to make 
ferroniobium (FeNb) or niobium pentoxide (Nb2O5 ), which is 
then shipped to consumers. Other niobium mining operations 
ship niobium mineral concentrates to processing companies. 
The ore is crushed and ground, beneficiated by flotation and 
magnetic separation (to remove iron minerals) to produce 
a pyrochlore mineral concentrate grading 55 to 60 percent 
Nb2O5. Columbite and tin slags account for a minor amount of 
niobium production. Artisanal mining of columbite-tantalite 
(coltan) is carried out in central Africa, particularly in 
Burundi, Congo (Kinshasa), Nigeria, Rwanda, and Uganda.

Tantalum
Global tantalum mine production peaked in 2004 at 

just greater than 1,400 metric tons of elemental tantalum 
and mostly declined since 2006 to 770 metric tons in 2011 
(fig. M13B). The decrease in tantalum production reflects the 
drop in tantalum prices that accompanied the global economic 
downturn and the increased volume of tantalum coming out 
of areas of armed conflict in Congo (Kinshasa). Australia and 
Brazil have been the leading national producers of tantalum 
mineral concentrates (fig. M14B), although since 2009, 
production from Australia has decreased, and production from 
Mozambique and some other countries has increased (Papp, 
2013a). The leading companies producing tantalum mineral 
concentrates in 2011 were Companhia Industrial Fluminense 
Mineração S.A. (Volta Grande Mine) and Mineração Taboca 
S/A (Pitinga Mine) in Brazil and Noventa Ltd. (Marropino 
Mine) in Mozambique. The leading tantalum producer in other 
years was Global Advanced Metals from its Greenbushes 
and Wodgina Mines in Western Australia. Other countries, 
including Burundi, Canada (Tanco Mine), China (Yichun 
Mine), Congo (Kinshasa), Ethiopia (Kenticha Mine), Nigeria, 
Russia (Lovozero Mine), Rwanda, and Uganda also produced 
tantalum mineral concentrates in 2011.

About one-half of all tantalum production consists of 
tantalite ore, and the remainder comes from tin slag, from such 
other minerals as strüverite and columbite-tantalite, and from 
recycling and synthetic concentrates. Tin slag is produced 
primarily in Southeast Asia, Australia, and Brazil. Tantalum is 
mined from both open pit and underground operations. Heavy 
minerals that contain tantalum are separated from the bulk 
ore by gravity methods and flotation. The concentrate is then 
subject to electrical (electrostatic and [or] electromagnetic) 
separation and other methods used to separate tantalum 
minerals from other heavy minerals. Because most mining 
of tantalum recovers minerals that also contain niobium, a 
chemical processing step involving the addition of potassium 
fluoride is necessary to separate niobium from tantalum, 
resulting in compounds of Nb2O5, Ta2O5, potassium niobium 
fluoride (K2Nb2F5 ), and potassium tantalum fluoride (K2Ta2F5 ). 
The tantalum compounds are then smelted to make tantalum 
metal products (Roskill Information Services Ltd., 2012). The 
global supply of tantalum historically has been 70 percent 
from concentrates, 10 percent from tin slag, and 20 percent 
from recycling and synthetic concentrates (Schwela, 2010). 
Conventional mining accounted for 51 percent of the world’s 
tantalum supply in 2011, artisanal mining accounted for 
29 percent, and tin slags and synthetic concentrates accounted 
for 10 percent (Roskill Information Services Ltd., 2012).
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Exploration for New Deposits
Carbonatites are an important exploration target because 

of their potential to host large, commonly bulk-minable 
niobium (with lesser amounts of tantalum) resources. About 
80 percent of carbonatites are associated with silicate rocks, 
the majority of which are highly alkaline (Woolley and 
Bailey, 2012). Not all alkaline complexes and provinces 
contain carbonatites, however. Carbonatites are preferentially 
concentrated in Precambrian terranes and are associated with 
intracontinental rifts, such as the East African rift system 
(Bailey, 1974). Their common circular plan and concentric 
arrangement of alkaline rocks can be identified and mapped 
by standard geologic-mapping techniques in areas with 
surface rock exposures. In remote areas and covered areas, 
geophysical surveys, including magnetic, gravity, and 
electrical methods, play a critical role in exploration. The 
natural association of carbonatites with uranium, thorium, and 
potassium also makes airborne radiometric surveys a useful 
exploration tool. Once a target has been identified, conven-
tional exploration procedures are used in evaluating niobium 
and tantalum resources, including detailed ground geophysical 
surveys, and trenching, drilling, and chemical analysis. 
Niobium and tantalum minerals typically are not easily 
identified and can require laboratory analysis for confirmation. 
In addition, the insoluble and refractory character of niobium 
and tantalum can require special analytical methods.

LCT-type pegmatites generally occur along large 
regional-scale faults in low to moderately metamorphosed 
terranes with mafic volcanic and sedimentary host rocks 
(Selway and others, 2005). The largest deposits are in Archean 
crust. Initial exploration typically involves a search for 
rare-metal peraluminous granite intrusions that can serve as 
the source of pegmatites. Rare-metal granites are identified 
by (a) high rare-metal contents (which are at least three times 
the average crustal abundances); (b) magnesium to lithium 
(Mg:Li) ratios less than 10; and (c) niobium to tantalum 
(Nb:Ta) ratios less than 8 (Selway and others, 2005). These 
granites are also characterized by white potassium feldspar, 
green coarse-grained mica, and distinctive accessory minerals 
(such as cordierite, fluorapatite, garnet, and (or) tourmaline). 
Rare-metal pegmatites may be found in an aureole above 
the granite, with the most enriched pegmatites generally 
the farthest (up to 10 km) from the granite body. Altered 
country rocks can be an indication of rare-metal pegmatite 
bodies nearby and may contain elevated contents of boron, 
cesium, fluorine, lithium, and rubidium that are detectable 
in geochemical surveys. Pegmatites with potential to host 
a tantalum deposit generally have low Nb:Ta ratios (< 8) 
and tantalum to tin (Ta:Sn) ratios of >1 in bulk analyses, 
as well as abundant tantalum-rich oxide minerals. As with 
carbonatites, radiometric surveys can aid in exploration for 
LCT-type pegmatites.

Environmental Considerations
Sources and Fate in the Environment

The main sources of niobium and tantalum in the envi-
ronment are geologic, mostly as a result of the weathering of 
rocks, but a potential anthropogenic source of both is from 
the combustion of coal (Divine and Goering, 2004; Goering 
and Ziegler, 2004). Tantalum compounds are less mobile than 
niobium compounds, which are slightly soluble under both 
acid and alkaline conditions and in the presence of organic 
complexing agents (Kabata-Pendias and Mukherjee, 2007). 
Gaillardet and others (2003) reported worldwide average 
dissolved concentrations in river waters of 2 parts per trillion 
(ppt) niobium and 1 ppt tantalum. Globally, the average 
concentration in suspended sediments in rivers is 13.5 ppm 
for niobium and 1.3 ppm for tantalum (Viers and others, 
2009). Also, surface (0 to 5 centimeters depth) soils from the 
conterminous United States contain an average of 9.3 ppm 
niobium and range from less than 1 ppm to 80.1 ppm; values 
for tantalum were not reported (Smith and others, 2013).

The concentrations of some elements may be naturally 
enriched in soils, sediments, and waters in the vicinity 
of niobium and tantalum deposits before mining begins; 
knowledge of these geochemical anomalies is used as an 
exploratory tool as well as to set realistic remediation goals 
after mining. The geochemical signatures around the deposits 
depend on the type of deposit and the compositions of 
associated rocks. Stream water and groundwater near deposits 
may not display the same geochemical signature as soils and 
stream sediments because some of the enriched elements 
occur in relatively stable insoluble minerals. In general, 
soils derived from various alkaline rock types commonly 
contain increased levels of niobium (up to 300 ppm) 
(Ure and others, 1979). The niobium in the soils can be 
taken up by plants, such as in the Gumi region of Russia 
where the niobium content (up to 10 ppm) of certain plant 
species has served as an exploration indicator for niobium 
deposits (Kabata-Pendias and Pendias, 2001). Soils and 
weathered rock associated with carbonatite deposits may be 
naturally enriched in Fe, Ba, Nb, P, Th, Ti, U, Zr and REEs. 
Additionally, stream sediments downstream from deposits 
commonly contain anomalous abundances of Ba, Nb, Th, 
and REEs (Modreski and others, 1995). LCT-type pegmatite 
deposits may exhibit enrichments in B, Cs, F, Li, and Rb in 
surrounding soils and waters because these elements tend to 
alter country rock during pegmatite emplacement (Bradley 
and McCauley, 2013). For example, the Tanco pegmatite 
in Canada has alteration halos of Li and Rb over the buried 
deposit (Trueman and Černý, 1982). In addition, Smith and 
others (1987) reported that zones of enriched As, Be, Sb, and 
Sn, and of B, Nb, and Ta are found in lateritic soils around 
the Greenbushes pegmatite.
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Globally, niobium metal is one of 18 elements with a 
greater than 50 percent end-of-life recycling rate, which is the 
proportion of the element in a discarded product that is able 
to be used to generate a new product. In contrast to niobium, 
less than 1 percent of discarded tantalum metal or alloy is 
used to generate a new product worldwide. Tantalum is used 
in small quantities in complex products, such as electronics, 
which makes recycling technically difficult. To recover more 
tantalum from consumer products, additional separation in 
the collection and presorting of the electronics would need to 
be done (Graedel and others, 2011). The recycled content of 
products containing niobium and tantalum is high, at greater 
than 50 percent for niobium and between 10 and 25 percent 
for tantalum (Graedel and others, 2011). According to 
Papp (2013a), scrap recovery specifically for niobium was 
negligible, but significant amounts of niobium were recycled 
from niobium-bearing steels and superalloys. Tantalum was 
recycled mostly from new scrap generated during the manu-
facturing of cemented carbide, electronics, and superalloys.

Mine Waste Characteristics
Mine waste is generally considered to be the material 

generated during ore extraction and processing at the mine site 
that has no economic value. The volume and characteristics of 
the waste materials depend on the type of deposit and its size, 
the mineral commodity or commodities recovered, and the 
mining and processing methods used. Niobium and tantalum 
ores are treated similarly and commonly are crushed and 
ground before mineral separation, which may involve dry and 
wet gravity separation, dry screening, magnetic separation, 
flotation, acid leaching, and, sometimes, smelting, to remove 
impurities and concentrate the niobium and (or) tantalum. 
The removal of overburden and ore extraction and processing 
operations generate waste rock, tailings, and slag, which are 
commonly disposed of on site in dumps or in tailings ponds. 
The amount of waste produced at the mine sites may be signifi-
cant relative to the amount of niobium or tantalum recovered 
because of the low grades of the ores; however, the recovery 
of additional commodities can reduce the waste volume.

The mining and processing of niobium and tantalum 
deposits commonly generates various types of waste, some 
with unique compositions. One example of mine waste 
generated from an LCT-type pegmatite deposit is waste from 
the Greenbushes Mine in Australia where the various ore 
minerals are extracted and processed separately to recover 
either lithium or tin and tantalum. Processing the tin-tantalum 
ores generates tailings composed mainly of gangue minerals 
(that is, predominantly quartz and feldspars). Minor amounts 
of antimony and sulfides are removed by flotation and 
roasting, and smelting is done to separate the tantalum from 
the tin (Fetherston, 2004); these processes create tailings 
and slag waste. In addition, overburden rock consisting 

predominantly of quartz (35 to 45 percent) and kaolinite 
(35 to 60 percent) is used to cover waste rock dumps to aid 
in rehabilitation (Hearman and Hinz, 2004).

Another example of the variety of waste generated 
from processing LCT-type pegmatite ore is the waste from 
the underground Tanco Mine in Manitoba, Canada. At 
this site, tantalum is processed by gravity concentrations, 
spodumene is processed mainly by flotation, and pollucite is 
treated chemically. The wastes generated include tailings and 
waste rock that are generally composed of the predominant 
gangue minerals of feldspar and quartz. For comparison to 
the LCT-type pegmatite deposits, mine waste generated from 
exploiting niobium-enriched carbonatites is usually some 
combination of the following common gangue minerals: 
amphiboles, ankerite, apatite, calcite, dolomite, magnetite, 
micas, pyroxenes, and olivine, among others. Mine waste 
from one processing step at the Araxá Mine in Brazil is 
predominantly hematite and magnetite; trace amounts of 
anatase, apatite, barite, and sulfides are likely present (Silva 
and others, 2012). Similar to ore from the Araxá Mine, 
niobium ores from the Niobec Mine in Quebec, Canada, are 
extracted and processed in several steps, and each generates 
waste of a different composition. Flotation and desliming 
generates carbonate-rich tailings; magnetic separation gener-
ates magnetite waste; and additional flotation generates a 
sulfide waste containing pyrite (Fetherston, 2004).

In general, tailings and waste produced from niobium 
and tantalum deposits may contain significant concentrations 
of uranium and (or) thorium and their daughter radionuclides. 
For example, tailings from the Jos area of Nigeria contain 
up to 4 weight percent thorium and up to 0.2 weight percent 
uranium (Funtua, 2001). The smelting and some chemical 
processes (acid leaching) of niobium ores from two operations 
in Brazil significantly enrich the waste in radionuclides; 
however, the prior physical processing (that is, magnetic 
separation, desliming, and flotation) of these particular ores 
does not significantly alter the radionuclide content of the 
waste compared with that of the ore (Pires do Rio and others, 
2003). Also, the chemical treatment of phosphate ores from 
carbonatite deposits in Brazil (for example, Araxá, Catalão, and 
Tapia) generates waste with high radioactivity (concentrations 
of up to hundreds of kilobecquerels per kilogram of radium 
as 226Ra) (Paschoa, 1998). Although the activities of uranium 
and thorium in ore from the Greenbushes Mine in Australia are 
generally low (less than 60 becquerels per kilogram (Bq/kg) 
of uranium and less than 5 Bq/kg of thorium), processing the 
ore may generate enriched waste and concentrates, such that 
tantalum products contain from 7.5 to 75 kilobecquerels per 
kilogram (kBq/kg) of uranium and thorium (Cooper, 2005). 
The volume of radionuclide-enhanced waste generated at the 
mine sites can be significant, such as at the Pitinga tin-
tantalum-niobium mine in Brazil, where at least 10,000 metric 
tons of naturally occurring radioactive wastes are disposed of 
every year (Paschoa, 1998).
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Human Health Concerns

Niobium and tantalum are generally considered 
non essential for humans and have low toxicity (Reimann and 
de Caritat, 1998). Because of their relative biological inert-
ness, both, but in particular tantalum, are used in a variety of 
medical devices and surgical implants (Divine and Goering, 
2004; Kabata-Pendias and Mukherjee, 2007). Tantalum is 
absorbed only minimally by the human body from oral or 
inhalation exposure; nearly all the tantalum that enters the 
human body is eliminated within a relatively short period of 
time. Humans exposed to large amounts of tantalum metal 
or to its oxide dusts may experience eye and skin irritation. 
Also, there is some evidence that tantalum can cause tumors 
(Divine and Goering, 2004). The permissible exposure limits 
in the United States for tantalum metal and oxide dust for an 
8-hour work day is 5 milligrams per cubic meter (mg/m3) and 
is based on lung irritation (Occupational Safety and Health 
Administration, 2013). Although data are sparse and studies on 
humans lacking, niobium is likely similar to tantalum in that 
its retention time in the human body is usually relatively short, 
and much of it is eliminated unabsorbed (Goering and Ziegler, 
2004). Studies have shown, however, that small mammals 
that ingested niobium compounds in drinking water had a 
shortened lifespan. Niobium has been shown to be associated 
with tumors, but is not mutagenic (Goering and Ziegler, 2004, 
and references therein). Niobium is considered hazardous by 
the Occupational Safety and Health Administration (OSHA), 
but OSHA has not established a permissible exposure 
limit for niobium dust (Occupational Safety and Health 
Administration, 2013).

Although niobium and tantalum may not be the cause 
of significant human health concerns, industrial exposure to 
naturally occurring radioactive materials from enhanced levels 
of thorium and uranium during the processing of niobium 
and tantalum ores may be a concern. Occupational exposure 
can take place from external radiation and from inhaling 
and ingesting radioactive particles generated during mining 
and milling. Smokers, who inhale twice or more the amount 
of radon than do nonsmokers, have an increased risk for 
exposure (Mangset and Sheyin, 2009). In Congo (Kinshasa), 
the grinding and sieving of columbite-tantalite ores during 
artisanal mining has been shown to expose workers to high 
doses of radioactivity (Mustapha and others, 2007).

Humans living near mining and processing operations 
may also be exposed to technically enhanced naturally 
occurring radioactive materials. Exposure may be a concern 
from waste materials used for building construction and from 
drinking water or eating foods contaminated with radiation. 
Slag and acid-leaching wastes (mostly barium sulfate) 
disposed of in alternating layers in waste dumps at a niobium 
processing facility in Brazil yielded higher radionuclide 
concentrations than did ores and other waste materials, and 

doses associated with them exceed international exposure 
guidelines. Also, the doses of radiation from treated effluent 
and drainage from waste ponds were lower than local 
limits but higher than some international exemption levels 
(Pires do Rio and others, 2003). In Nigeria, mining tin, 
tantalum, and niobium from placer deposits and weathered 
granites has resulted in large amounts of radioactive tailings 
dumped in and around mine sites (Funtua, 2001). The 
activities of radionuclides of radium and thorium in tin 
tailings, especially those containing significant monazite and 
zircon, and soils 500 m from the tailings were higher than 
background activities, and the estimated annual effective 
doses to the population were much higher than the recom-
mended levels (Usikalu and others, 2011). In addition to being 
radioactive, tin-niobium-tantalum tailings from the Jos area 
of Nigeria contained concentrations of lead, manganese, and 
tin that exceeded soil screening levels based on residential 
and industrial use in the United States; these levels are used 
to determine whether contamination at hazardous waste 
sites warrant further investigation or site cleanup (Funtua, 
2001; U.S. Environmental Protection Agency, 2012). After 
operations have ended at niobium and tantalum mines and 
processing sites, the use of the land may need to be restricted 
to minimize human exposure to radiation and high concen-
trations of some trace elements.

Ecological Health Concerns
Ecological health concerns associated with niobium 

and tantalum are generally minimal under most naturally 
occurring conditions. Niobium may accumulate in plants 
and is generally less than 0.4 ppm dry weight in terrestrial 
plants from background locations and greater than 1 ppm in 
plants growing near niobium deposits (Goering and Ziegler, 
2004). According to one recent study, the toxicity of niobium 
and tantalum to freshwater amphipods (Hyalella azteca) was 
relatively low compared with that of other trace elements 
tested in laboratory experiments; 1-week lethal concentrations 
of hundreds of ppb niobium and tantalum resulted in signifi-
cant mortality for amphipods in soft waters, whereas those 
in hard waters were not affected until concentrations reached 
thousands of ppb (Borgmann and others, 2005).

The mining and processing of niobium and tantalum 
ores may have a deleterious effect on terrestrial and aquatic 
plants and organisms from the release of trace elements and 
(or) radionuclides associated with the ore or host rock into 
the surrounding ecosystem. If sulfides are present, even in 
minor to trace quantities, they can oxidize, generate acid, and 
exacerbate the release of trace elements; however, rocks that 
contain carbonates can help mitigate some deleterious effects 
naturally. Metal-rich and radioactive mine waste can be 
physically transported into local waterways, and fine-grained 
tailings dust and emissions from ore processing sites can be 
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transported in the air for long distances; these processes can 
result in contaminated soils, waters, and stream sediments. The 
mining and processing of the ore may take place at the same 
location, and emissions from the processing and smelting may 
contain toxic elements and substances that can be released into 
the air and surrounding soils and waterways.

A few studies of niobium and tantalum mine sites have 
reported potential ecological health concerns. In Rwanda, the 
concentrations of arsenic in stream sediments downstream of 
Ruhanga and at the Nyatubindi tin-niobium-tantalum mine 
and lead in stream sediments at the Ruhanga site were above 
the threshold effect concentrations for aquatic organisms 
(that is, the concentrations below which effects are not likely 
to occur) but below probable effect concentrations (that is, the 
concentrations above which effects are likely to occur), which 
suggests potential impact to biota (MacDonald and others, 
2000; Haidula and others, 2011). Also, rare but extreme mine 
water compositions existed within the mine workings at the 
Lovozero Mine. Waters were highly alkaline (pH range of 
10 to 12), enriched in fluorine (1 to 1.5 percent) and silica 
(1 to 1.3 percent), and contained high amounts of aluminum 
(up to 1,000 ppm), copper (up to 900 parts per billion [ppb]), 
niobium (up to 400 ppb), and REEs (greater than 600 ppb); the 
concentrations of aluminum and copper exceeded guidelines 
for aquatic ecosystem health in the United States (Kraynov 
and others, 1969; U.S. Environmental Protection Agency, 
2013). In addition to these studies, Paschoa (1998) reported 
significant radioactivity (approximately 100 kBq/kg of 226Ra) 
for fine-grained tailings at the Araxá Mine in Brazil. Tailings 
are disposed of in waste ponds, thus contaminating the water 
(approximately 20 kilobecquerels per cubic meter of 226Ra) 
(Paschoa, 1998). Concentrations above 1 to 10 kBq/kg, 
depending on the radionuclide, warrant special consideration 
for disposal of solid material, which may need to be buried in 
low-level radioactive waste disposal facilities. Beside reports 
of radioactivity and some high concentrations of elements, 
mine waste and mine waters generated at some niobium and 
tantalum mine sites are not of ecological health concern. For 
example, processing water and tailings runoff and discharge 
released into the environment at the world’s largest pegmatite-
hosted tantalum resource, the Greenbushes Mine, is monitored 
to ensure compliance with internationally developed 
standards (Ingham and others, 2012). The mine waste gener-
ated from pegmatite deposits, although possibly not an issue 
chemically, may pose ecological health concerns because of 
the extensive amount of waste disposed of at the sites.

Carbon Footprint

The carbon footprint of niobium centers on its use in 
the production of biofuels. Niobium catalysts have recently 

proved to be successful in the conversion of palm oil to 
biodiesel. In Brazil, one large mining company has developed 
palm oil plantations to supply its own biodiesel needs 
(Schwela, 2010). The use of biofuels decreases greenhouse 
gas emissions compared with the use of petroleum fuels; 
however, whether first-generation biofuels have a less 
substantial carbon footprint than petroleum when other 
factors are taken into consideration remains controversial. 
Such other factors include the amount of energy consumed to 
convert plants to biofuel, the opportunity cost of using land 
to grow crop plants for biofuels that is then not available to 
grow food for humans and animals, and the potential increase 
in the amount of forest land that may be cleared to grow 
biofuel crops.

Mine Closure

The postmining landscape at niobium and tantalum 
mines depends on the type and size of the deposit, the mining 
and processing methods used, the mineral commodity or 
commodities recovered, the climate, and the relevant regula-
tions regarding mine closure. Extraction from large igneous 
complexes by open pit methods, which is the most common 
mining method used, will leave a distinctly different signature 
than recovery from small artisanal mining of secondary 
placer deposits or weathered pegmatites. For example, the 
active Greenbushes Mine in Australia, which has been mined 
intermittently since 1888, consists of a complex landscape of 
several open pits, underground workings, waste rock piles, 
and tailings piles (Ingham and others, 2012). The largest 
open pit is the Cornwall Pit, which is more than 200 m deep. 
The closure cost for this site was estimated to be more than 
$17 million to rehabilitate nearly 2,000 hectares of disturbed 
land (Ingham and others, 2012).

Artisanal and small-scale mining, such as that conducted 
in central Africa, is typically unregulated, and environmental 
issues are commonly not considered. Many such mining 
operations do not have mine closure plans and are left as 
is after recoverable ore is extracted. For example, tin (and 
tantalum-niobium) mining in the Jos area of Nigeria has 
drastically changed the landscape, and little has been done 
in the way of remediation efforts. Some detrimental effects 
of the altered landscape include disturbances of the natural 
flora and fauna, low crop yields on agricultural lands, local 
land disputes from soil erosion problems, and neglected 
mine excavations, mine dumps, and pits. On the other 
hand, flooded mine pits are a source of water for irrigation 
as well as for domestic and livestock uses. They can also 
provide sites for potential fisheries (Abegboye, 2012). Future 
measures may focus on remediating the affected land back 
to productive farm land.
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Problems and Future Research
Consumption of niobium and tantalum is expected to 

increase in the coming years as industrial development in such 
countries as Brazil, China, and India continues, and the rapidly 
increasing global population demands more consumer goods, 
such as cars, cell phones, computers, and other high-tech 
products. Although the estimated reserves and resources of 
both niobium and tantalum are large and appear more than 
sufficient to meet global demand for the foreseeable future 
(British Geological Survey, 2011), the restricted concentration 
of niobium resources and production, and, to a lesser extent, 
those of tantalum, makes their stable supply vulnerable to 
potential influence and disruption. The United States currently 
lacks domestic self-sufficiency for both mineral commodities 
and is dependent on imports and recycling to meet its current 
and future needs. For the United States, the discovery of 
additional deposits of niobium and tantalum of better quality 
and quantity than those currently identified would be advanta-
geous. New discoveries in the United States, particularly of 
niobium, may be facilitated by ongoing efforts to identify 
additional REE resources because alkaline and carbonatite 
complexes can host both deposit types.

An issue of international concern specific to tantalum 
is the mining of columbite-tantalite (also called coltan) in 
central Africa, particularly in Congo (Kinshasa). Militias 
implicated in human rights abuses are accused of using the 
sale of columbite-tantalite and other mineral commodities 
to help fund a civil war in Congo (Kinshasa). In 2010, 
the U.S. Government passed the Dodd-Frank Wall Street 
Reform and Consumer Protection Act. Section 1502 of that 
Act directs that companies that report to the U.S. Securities 
and Exchange Commission must reveal whether they buy 
minerals from Congo (Kinshasa) or any of its neighbors and, 
if so, whether conflict minerals exist in their supply chain. 
This has led to efforts to develop a system that can trace the 
origin of columbite-tantalite ore from the region (Burt, 2012). 
A program related to establishing a conflict-free supply chain 
for columbite-tantalite was launched by the International Tin 
Research Institute in 2011 in Rwanda and the Katanga Province 
of Congo (Kinshasa), with baseline studies of almost 500 mine 
sites completed (Burt, 2012). This program (the Tin Supply 
Chain Initiative, or iTSCi) is attempting to identify legitimate 
mines, with the overall goal being to provide a way to exclude 
illegal columbite-tantalite from the conventional market while 
discerning legitimate small-scale artisanal mine production in 
central Africa.

Geologically, there are still many unanswered questions 
about the origin of niobium and tantalum deposits, including 
(a) why some carbonatites are enriched in niobium and others 
are enriched in REEs; (b) what is the role of fluids in the mobi-
lization and concentrations of niobium and tantalum; (c) why 
are the largest pegmatite-hosted tantalum deposits of Archean 
age; and (d) are there additional types of tantalum deposits, 
particularly low-grade large-tonnage commercial deposits?
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