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Safety 



Reminders 
 Midterms  
 April 13 NMGS Spring Meeting 
 April 14 Field trip 
 April 28 AIPG meeting and Field trip in 

afternoon (perlite mine or carbonatites) 
 Commodity presentation in April 
 Research Projects presentations April 30 
 Finals, Project written report due May 4 
 No class May 7 

 



Field trip schedule, Saturday, 
April 14 

• Leave Socorro at 7:30 
• Monticello Point diatomite mine (inactive) 
• St. Cloud zeolite mine (active but we will not 

get an official mine tour) 
• Lunch at Cuchillo (Bring your own lunch), 

visit museum 
• Kline clay mine 
• Taylor Creek tin deposits (if time) 
• Home at Socorro 6 PM 

 



Nepheline syenite 



Nepheline syenite 

• Light-colored, silica-deficient feldspathic 
igneous rock 

• Sodium and potassium feldspars 
• Nepheline, no quartz 
• Not mined in US but in Canada 



Nepheline syenite—properties 

• In glass, alumina from nepheline syenite 
improves product hardness, durability, 
and resistance to chemical corrosion 

• In ceramics, nepheline syenite is used 
as a flux, melting at an early stage in 
the firing process and forming a glassy 
matrix that bonds together the other 
components of the system 
 



Nepheline syenite 

• Alumina acts as a matrix of stabilizser, 
enhancing the workability of molten glass, 
and increasing the resistance for scratching, 
breaking and chemical protection 

• Alkali acts as a flux agent, lowering the 
melting temperature of the batch (no need 
for soda ash) 



Uses 

• Glass 
• Ceramics 
• Fillers, extenders, paint, coatings, roofing 

granules 
• Dimension stone, aggregate, abrasive 
• Alumina source  

– Russia produces most of its alumina from 
nepheline syenite 













Silica 



Silica 
• Quartz 
• Citrine—yellow to brown color, similar to topaz 
• Tridymite 
• Cristobalite 
• Coesite 
• Stishovite 
• Melanophlogite 
• Lechatelierite 
• Agate—banded, multicolored 
• Flint—gray to black, opaque 
• Chalcedony—fine grained chert 

– Carnelian—red to reddish brown 



Silica—introduction 
• SiO2 

• Industrial sand and gravel 
• Silicon 
• Quartz crystals 
• Special silica stone products 
• Tripoli (microcrystalline silica) 

– Rottenstone 
• Novacullite (whetstones, microcrystalline 

silica) 
• Spiculite 

 



http://minerals.usgs.gov/minerals/pubs/commodity/silica/780292.pd
f 



Industrial sand and gravel—introduction 

• Silica 
• Silica sand 
• Quartz sand 
• Sand and gravel with a high SiO2 

content 
 



Industrial sand and gravel—uses 

• Glassmaking sand, 38% 
• Foundry sand, 22% (molds, cores, 

castings) 
• Abrasive sand, 5%  
• Hydraulic fracturing sand, 5% 
• 30% for other uses (flux) 

 
Not more than 0.6% iron oxide 

 
 



USGS Commodity Reports 



Industrial sand and gravel—uses 
• Glassmaking (high specifications, no Fe) 
• Foundry (98% SiO2, low CaO, MgO, grain size and 

shape) 
• Abrasive, blasting sand (clean metal, concrete’ 

angular shape) 
• Hydraulic fracturing (frac) applications (well rounded) 
• Ceramics 
• Chemicals 
• Ground silica (fillers, extenders; bright, reflective) 
• Filtration (pure) 
• Roofing granules 
• Flux 
• Optical fiber 

 
 
 

 



Industrial sand and gravel—regions 
 
 
 

 

USGS Commodity Reports 



Industrial sand and gravel—regions 
 
 
 

 

USGS Commodity Reports 



 
 
 

 

USGS Commodity Reports 



Industrial sand and gravel—geology 

• Sedimentary, especially where multiple 
cycles of erosion and deposition has 
upgraded the deposits 
– What geologic environments are we 

looking at? 
 
 
 

 



Silica sand—geology 

• White Maddi sand is 
used in foundries, 
filters, and glass 
products, Gabal El 
Kahshab near 
Maadi, Cairo 



Industrial sand and gravel—substitutions 

• For glass, foundry, molding 
– Zircon 
– Olivine 
– Staurolite 
– Chromite sands 

 
 
 

 



FRAC SAND   
 A quartz sand of a specific grain size and shape used 

in the oil industry. 
 Mixed with fluid and pumped into oil and gas wells 

during fracturing operation. 
 The sand keeps the fracture opened to unlock the 

natural gas and oil that is trapped within the shale. 
 Name (frac sand)-as a result of its use in the hydraulic 

fracturing process. 
 The best frac sand is almost pure silica with very 

round, large grains of a uniform size. 
 
 
 

 
 

 
 
 



 
 

 
 
 

 
 
 



 
 

 
 
 

 
 
 



TYPES AND PROPERTIES  

TYPES 
1. White Sand (Ottawa or Ontario sand) 
2. Brown or Brady Sand (Texas Brown Sand) 
 
GENERAL PROPERTIES 
 Silica minerals 
 A common size of 20/40 
 40/140 – Also used in the natural gas industry 
 
 

 
 



TYPES AND PROPERTIES  
WHITE FRAC SAND 
 White in color. 
 Silica concentration around 95%. 
 Spherical in shape and the size varies from 12 to 270 

on the Tyler mesh scale. 
 Sustain the openings in the rock layers better than the 

brown sand. 
 
BROWN FRAC SAND 
 Brown or pale yellow in color. 
 99% silica content 
 Irregular in shape. 

 
 
 

 



PROPERTIES  
 Sizes range from 8 to 100 on the Tyler mesh scale. 
 
USES 
 Used by the oil and gas industry during the exploration of 

new oil and gas reserves. 
 For making glass. 

 



GEOLOGIC  DESCRIPTION 

 Produced from sandstone deposits. 
 Large resources throughout the world. 
 Resources are locally uneconomic because of its 

geographic distribution and environmental 
restrictions. 

 Geologically the white frac sand was deposited after 
the last ice age by glaciers.  

 White sand is normally found at the northern part of 
America and the brown in southern part of America. 

 



GEOLOGIC  DESCRIPTION 
 
 



DOMESTIC PRODUCTION (USA) 
 Sand and gravels produced by 68 companies from 

116 operations in 33 States was 30 million metric 
tons. 

 In 2011, about 41%  of the total sand tonnage (12.3 
million Mt)  was used as hydraulic fracturing sand. 

 Leading States were Illinois, Texas, Wisconsin, 
Minnesota, Oklahoma, North Carolina, California, 
and Michigan. 
 
 



 
 

PROCESSING 
 
  Washed or scrubbed to remove silt and clay size 

particles, carbonate cement, iron coatings and other 
minerals. 
 

TRANSPORTATION 
 Haulage truck 
 Railway 
 Shipping 
 

 
 

 
 

 
 

 



Silicon 



Silicon—introduction 

• Silicon metal and alloys 
• Ferrosilicon 

 



Silicon—uses 

• ferrous foundry  
• steel industries 
• aluminum and aluminum alloys  
• chemical industry 
• semiconductor industry, which 

manufactures chips for computers from 
high-purity silicon 
 
 
 



Silicon—substitutions 

• ferrosilicon 
– aluminum  
– silicon carbide 
– silicomanganese 

• semiconductors and infrared 
– gallium arsenide   
– germanium 

 
 
 
 



Silicon—production 

 
 
 

USGS Mineral Yearbooks 





Silicon—production 

• Norway, 27% 
• South Africa, 15% 
• Russia, 11% 
• Canada, 10% 

 
 
 

USGS Mineral Yearbooks 



Quartz crystal 



Quartz crystal—introduction 
• Hardness 7 
• any color 
• common mineral 
• cultured quartz crystals became 

important in 1971, no natural production 



Quartz crystal—properties 
• Piezoelectric effect 
• when compressed or bent, it generates 

a charge or voltage on its surface 
• if a voltage is applied, quartz will bend 

or change its shape very slightly 
• hardness 
• high electrical resistance 
• dimensional stability 



Growing quartz crystal 
• Process in Germany 50 years ago 
• grown in pressure vessels containing quartz 

dissolved in an aqueous alkaline solution at 
temperatures of 375 degrees centigrade and 
pressures of 800 to 2000 atmospheres 

• Seed crystals are placed near the top of the container 
• nutrient in the form of broken chunks of natural 

Brazilian quartz (lascas) as a nutrient are placed on 
the bottom 

• Convection currents move dissolved material from 
the bottom of the chamber to the cooler upper section 
where it deposits on the seed crystals 



http://www.itme.edu.pl/z18/syn... 



http://www.corningfrequency.com/library/qcao.html 



Quartz crystal—uses 
• single-crystal silica 
• Electronic applications 
• optical applications 
• filters, frequency controls, and timers in 

electronic circuits 
• carvings 
• gem stone 

 
 



Quartz crystal—geology 
• Pegmatites 
• in Arkansas veins filled cavities or 

fractures in the Crystal Mountain and 
Blakely Sandstones  
– 5 feet long and weighing over 500 pounds 

and clusters up to 15 feet long by 10 feet 
wide, weighing over 10 tons 

– end of the Ouachita Mountain orogenic 
cycle in Late Pennsylvanian to Early 
Permian (Ar/Ar) 



Quartz—production 

USGS Commodity Reports 



Special silica stone products 



Special silica stone 
products—introduction 

• abrasive tools 
– deburring media 
– grinding pebbles 
– grindstones, 

hones, 
– oilstones 
– stone files 
– tube-mill liners 
–  whetstones 

 
 

• Fillers 
• extenders 
• flux 



Special silica stone 
products—introduction 

• Sandstone 
• quartzite 
• vein quartz 
• silica pebble 

 

• novaculite 
• microcrystalline 

quartz 
• speculite 
• tripoli 
• tripolite or 

diatomaceous earth 
• amorphous silica 

 



Novaculite 

 
 

• Sedimentary microcrystaline quartz 
• homogeneous 
• more compact than porous tripoli 
• whetstones 
• dense, hard, white to grayish-black in color, 

translucent on thin edges, and has a dull to 
waxy luster 

• resistant to erosion, it forms prominent ridges 
• Dev to Miss Novaculite Formation in Ark  

– 250-900 ft thick 



Rottenstone 

 
 

• Common variety of tripoli 
• Penn--weathering of siliceous shale 



Spiculite 

 
 

• Siliceous sponge spicules 
• replacement of spicule-bearing limestone 
• Texas 



Tripoli 
• 1 to 10 micrometers 
• 98% to 99% silica, minor Al and Fe 
• white to cream 
• brown 
• red 
• yellow 
• abrasive 
• diatomaceous earth (different origin) 

 



Tripoli—geology 
• alteration of chert, chalcedony, or 

novaculite, or leaching of highly 
siliceous limestones 

• Paleozoic chert bearing limestones in 
Arkansas and Oklahoma, Illinois 
– NE Ar cherty limestones of the Boone 

Formation (Mississippian) 
– Ouachita Mountains leaching of a limy 

phase within the Upper Division of the 
Arkansas Novaculite 

• Arkansas tripoli is >99% SiO2 



Special silica stone 
products—source 

 
 

• Arkansas 
• Wisconsin 

 



Special silica stone 
products—uses 

• Craft 
• household 
• industrial 
• leisure uses 

 
 



Special silica stone products 

USGS Commodity Reports 



Environmental regulations of 
quartz 

• regulation of crystalline silica 
– hours workers exposure 
– water well monitoring 
– noise and dust control 
– water discharge 
– archaeological surveys 
– carcinogen 



Niobium and tantalum 



Niobium and tantalum—
introduction 

• Columbium 
• Nb 
• found with tantalum Ta 

 



Niobium—uses 

• Carbon steels, 33% 
• Superalloys, 23% 
• Stainless and heat-resisting steels,18% 
• High-strength low-alloy steels, 16% 
• Alloy steels, 9% 
• Other, 1% 

 



Tantalum—uses 

• capacitors 
– automotive electronics 
– pagers 
– personal computers 
– portable telephones 

• electrical applications 
 



USGS Commodity 
Summaries 



Niobium—uses (USGS OF01-348) 



Production—niobium 

USGS Mineral Yearbooks   Metric tons 



Production—tantalum 

USGS Mineral Yearbooks 



Niobium—geology 
http://www.tanb.org/niobium1.html 

• pyrochlore [(Ca,Na)2 Nb2(O,OH,F)7 ] in 
carbonatite and alkaline igneous deposits 

• pegmatites (Columbite and tantalite) 
• alluvial deposits 
• largest deposit in Araxá, Brazil, owned by 

Companhia Brasileira de Metalurgia e 
Mineração (CBMM) (460 million tons of 3.0% 
Nb2O5, or 500 yrs reserves) 

• Niobec mine in Quebec 
• tin slags produced from the smelting of 

cassiterite ores 
 



Lauzon 
Farm, Oka,                                                                  

Quebec, 
Canada. 3.9 

x 2.9 cm. 
http://www.webmi

 



Companhia Brasileira de Metalurgia e 
Mineração (CBMM), open pit mine for Nb, 

Minas Gerais, Brazil 
http://www.us.cbmm.com.br/english/sources/mine/operat/f_operat.htm 



Tantalum 

• Minerals--tantalite and columbite or niobite 
• Best deposits--Granitic rare-metal 

pegmatites and rare-metal granites  
• Grades--0.015 - 0.02 % Ta2O5  



Tantalium—price  

http://www.polinares.eu/docs/d2-
1/polinares_wp2_annex2_factsheet2_v1_10.pdf 



Tantalium—deposits  

http://www.polinares.eu/docs/d2-
1/polinares_wp2_annex2_factsheet2_v1_10.pdf 



Zeolites 



What is a zeolite? 
• A zeolite is a crystalline hydrated aluminosilicate 

whose framework structure encloses cavities (or 
pores) occupied by cations and water molecules, 
both of which have considerable freedom of 
movement, permitting ion exchange and reversible 
dehydration. This definition places it in the class 
of materials known as "molecular sieves."  

• The pores in dehydrated zeolite are 6 Å in size, 
while those of a typical silica gel average about 50 
Å, and activated carbon averages 105 Å. 

Source of definition=http://palimpsest.stanford.edu/byorg/abbey/an/an20/an20-7/an20-702.html 



Zeolite facts 
• Tektosilicates, networks of SiO4 tetrahedrons with some 

Al substituting for Si 
• Strong bonds support framework 
• Hydrated aluminosilicates with particularly open 

frameworks of (Si,Al)04 tetrahedrons 
• Open cavities contain cations (Ca, K, Na, Ba) 
• Cations balance negative charge of framework 
• Ions are easily exchanged, move freely through 

framework 
• Remain stable after losing water from structure 
• Heating causes water loss at a continuous rate 
• Form by chemical reaction between volcanic glass and 

saline water 



Zeolite Physical Properties 
• Soft to moderately hard, H=4-5 
• Low density 
• Transparent to translucent  
• 48 natural Zeolites  
• Over 120 synthetic Zeolites 
• Industrially speaking, the term zeolite includes natural 

silicate zeolites, synthetic materials, and phosphate 
minerals that have a zeolite like structure 



Zeolite structure 
• The primary building unit of zeolites are cations coordinated 

tetrahedrally by oxygen. These tetrahedra are connected via corners, 
thus forming the crystal structure of the specific zeolite.  

Source of diagram:  www.mpi-muelheim.mpg.de/. ../zeolites_c2.html  

http://www.mpi-muelheim.mpg.de/kofo/institut/arbeitsbereiche/schueth/html/zeolites_c2.html


Properties of Zeolites 
• All commercially useful zeolites owe their 

value to one or more of three properties: 
adsorption, ion exchange, and catalysis 

•   

Source of structures:  www.mpi-muelheim.mpg.de/. ../zeolites_c2.html  

http://www.mpi-muelheim.mpg.de/kofo/institut/arbeitsbereiche/schueth/html/zeolites_c2.html


Formation of Zeolites 
• Formed by alteration reactions 
• Temperatures range from 27°C - 55°C  
• pH is typically between 9 and 10  
• Nature requires 50 - 50,000 years to complete the reaction 
• Mostly altered volcanic glasses  
• Fine-grained volcanic ashes or pumice particles are 

especially susceptible to alteration 
• Starting materials can also be minerals, like nepheline, 

leucite, and feldspars 
• Alteration in different environments: hydrothermal, saline or 

alkaline lakes, and groundwater 
• The alteration conditions of these three environments are 

completely different with respect to chemistry, 
concentration, and pH of the reacting solution, solid/liquid 
ratio, temperature, reaction in closed or open system.  



Uses of Zeolites 

• Natural and synthetic zeolites are used 
commercially because of their unique adsorption, 
ion-exchange, molecular sieve, and catalytic 
properties.   Major markets for natural zeolites are 
pet litter, animal feed, horticultural applications 
(soil conditioners and growth media), and 
wastewater treatment.  Major use categories for 
synthetic zeolites are catalysts, detergents, and 
molecular sieves.  



Uses of Zeolites 

Source: www.egam.tugraz.at/ app_min/sci_topics/zeolithe/ 

 

http://www.egam.tugraz.at/app_min/sci_topics/zeolithe/


Zeolite Applications: 
Gas Adsorption 

• Zeolites adsorb many gases on a selective 
basis  

• Specific channel size (2.5 to 4.3A) enables 
zeolites to act as molecular gas sieves 

• Selectively adsorb ammonia, hydrogen 
sulfide, carbon monoxide, carbon dioxide, 
sulfur dioxide, water vapor, oxygen, nitrogen, 
formaldehyde, and others.  

• Public toilets, horse stables, chicken houses, 
and feed lots, pet litter trays release ammonia 
fumes  

• Adding zeolites can minimize odors 



Zeolite Applications: 
Water Adsorption/Desorption 

• Adsorbing and desorbing water without 
damage to the crystal structure, make 
excellent desiccants 

• Low cost, efficient media for heat 
storage (to include storage of waste 
and/or off-peak heat energy like solar 
systems) and solar refrigeration 
applications.  



Zeolite Applications: 
Ion Exchange 

• Water Treatment uses include water 
softening, remove metals (Cu+2, Pb+2, Zn+2), 
and radioactive waste treatment (Sr90, 
Ce137), and wastewater treatment (sequester 
pollutants) 

• Remove ammonia in aquaculture tanks 
• In agriculture, control high nitrogen levels 

and reduce pollution caused by field runoff.  



Which Zeolites have commercial value? 
• Chabazite and clinoptilolite are the 2 out of the 48 

minerals in the zeolite group which have the most 
commercial applications.   

• Occur in Cenozoic age tuffaceous sediments 
principally in the Western US.   

• Chabazite and Clinoptilolite formed over a long 
period of time are the end product of the chemical 
reaction between volcanic ash glass shards and 
alkaline water.   

• Because of their high silica to alumina ratios 
ranging from 2:1 for chabazite to 5:1 for 
clinoptilolite, these minerals are stable and less 
likely to dealuminate in acidic solutions than are 
synthetic zeolites. 



Zeolites Deposits of the Western US 

St. Cloud Zeolite Mine 
Winston, NM 

showing the location and mineral species of principal domestic economic deposits. 

Source=http://books.smenet.org/Ind_Min_Rcks/imar-ch93-sc00-pt00-bod.cfm 



ZeoliteProduction in the US 

State and company Type of zeolite
Arizona:

GSA Resources, Inc. Chabazite.
UOP Inc. Do.

California:
Ash Meadows Zeolite, LLC Clinoptilolite.
KMI Zeolite, Inc. Do.
Steelhead Specialty Minerals, Inc. Do.

Idaho:
Bear River Zeolite, LLC Do.
Steelhead Specialty Minerals, Inc. Do.

Nevada, Moltan Co. Clinoptilolite/mordenite.
New Mexico, St. Cloud Mining Co. Clinoptilolite.
Oregon, Teague Mineral Products Co. Do.
Texas, Zeotech Corp. Do.
Wyoming, Addwest Minerals International Ltd. Do.

TABLE 1
DOMESTIC ZEOLITE  PRODUCERS AND SUPPLIERS IN 2003

Source= http://minerals.usgs.gov/minerals/pubs/commodity/zeolites/ 



USGS Mineral Yearbooks   Metric tons 



Zeolites in New Mexico 
• Buckhorn clinoptilolite deposit 2 clinoptilolite–

bearing ash–fall tuff and reworked tuff beds of 
Pliocene–Pleistocene age. Zeolitized ash–fall tuff 
1 to 1.6 m and consisting of 60 to 90% 
clinoptilolite, with chabazite, heulandite and 
analcime locally, not mined (Eyde, 1982). 

• Tertiary volcanic rocks near Winston in Sierra 
County comprise the Winston clinoptilolite 
deposit; ash–flow tuffs and related tuffaceous 
breccias; predominantly clinoptilolite–heulandite. 
St. Cloud Mining Company currently mines, 
processes, and markets Winston deposit zeolites 



Clinoptilolite Studies at NMT 
• NMT Hydrology study under Rob Bowman has focused on 

the natural zeolite clinoptilolite 
• Formula (Ca,Na2,K2)(Al6 SiO)•24H2O.   
• Clinoptilolite from the St. Cloud Mining Company  
• Mine located near Winston, New Mexico 
• St. Cloud is the largest producer of  
natural zeolite in North America.  
• Mineralogy of St. Cloud material:  
 74% clinoptilolite  
 10% feldspar  
 10% quartz + cristobalite  
 5% smectite  

http://www.ees.nmt.edu/bowman/research/SMZ/ZeoProp.html 

http://www.stcloudmining.com/


St. Cloud Zeolite Mine 

The Cuchillo Negro clinoptilolite deposit mined by the St. 
Cloud campany is shown here. 



St. Cloud Zeolite Plant 

St. Cloud Mining Company has emerged as the largest 
producer of natural zeolite in North America. The zeolite 
mineral, clinoptilolite, is an absorbent volcanic ash with 
unique physical, chemical, and cation exchange properties 
used in agriculture, industrial and environmental 
applications.  

Source=http://www.stcloudmining.com/ 



Mining St. Cloud Zeolite 

St. Cloud’s zeolite deposit contains an estimated 18.3 million tons of 
clinoptilolite resources and the production facility has a capacity in 
excess of 100,000 tons per annum. The operation includes facilities for 
custom sizing, bagging, blending and manufacturing of added value 
products. St. Cloud sells zeolite primarily through a network of 
brokers, distributors and manufacturers.  

Source=http://www.stcloudmining.com/ 



Lighter color is the altered volcanic ash with 
clinoptilolite at the St. Cloud zeolite mine 

Source= http://www.ees.nmt.edu/~ranck/zeolite.html 



Uses of St. Cloud Zeolite 



Zeolite Markets 

• Relatively new, since1960s 
• Most consumed within country produced 
• Diverse markets 
• Steady growth is anticipated for the rest of the 

1990s for agricultural, industrial, and consumer 
applications. The strongest areas of market growth 
in North America are expected to be in sewage 
treatment, deodorants, pet litter, soil treatment, 
and nuclear waste treatment and containment.  
 



Foreign Zeolite Sources 

• Antigua, Argentina©, Australia©, New South 
Wales, Bulgaria, Canada (Nova Scotia, British 
Columbia), Chile, China©, Czechoslovakia ©, 
France, Germany©, Hungary©, Iceland, 
Indonesia©, Italy©, Japan©, Korea©, Mexico©, 
New Zealand, Poland, S. Africa©,  Romania©, 
Spain©, UK, USSR©, Yugoslavia©.   

    (The © means commercial development) 



Value of Zeolites 

• Usually determined by cost of processing 
and added value 

• Mining costs $3-6/Ton 
• Processed $30-120/Ton 
• Pet litter, fish tank, deodorant $.50-4.50 kg 
• Special apps = $1000s /ton (radioactive 

waste filter media or catalysts in petroleum 
refining, etc)  



Transporting Zeolites 

• Generally transported by highway or rail carriers 
in bulk, in one–ton super–sacks or in multi–wall 
paper bags, usually palletized.  

• Do not require special handling 
• Costs affected by distance must transport 
• Currently economical to ship from western US to 

eastern US for agricultural uses 
• May change in future when imports from Cuba & 

Antigua become cheaper for eastern US to use 
• Specialty zeolites worth shipping farther 



Alternates 
• Synthetic zeolites (customized molecular sieves) are the 

major alternate materials to natural zeolites.  
• Synthetic zeolites can tailor physical and chemical 

characteristics to serve many applications more closely 
and they are more uniform in quality than their natural 
equivalents.  

• Natural zeolites advantage over synthetic materials: Ce 
and Sr adsorption in radioactive waste cleanup, able to 
function at lower pH levels, much lower in cost than 
synthetic zeolite products. 

• Activated carbon, silica gel, & similar materials are more 
effective than zeolites for many ion–exchange applications 
and are not disproportionately more expensive.  

• Bentonite, attapulgite, and others show selective high 
absorbency, available in a competitive price range.  



Problems with Zeolites 
• The synthetic zeolites pose no problems, readily 

made from abundant raw materials, present no toxic 
or environmental problems. 

• Naturally occurring zeolites are excluded from 
many important commercial applications where 
uniformity and purity are essential  

• Natural zeolites must penetrate markets where other 
materials are already used and accepted 

• Natural zeolites were over-marketed in the 70’s, 
created stigma, must now overcome 

• Some zeolites are fibrous, all are silicates 
• No industrial standards exist for natural zeolites, 

harder to market, need ASTM or other standards 
published 



Future of Zeolites 
• A healthy, growing industry with continued expansion into 

new applications and steady demand in industrial markets  
• Most of the activity and growth has been in the synthetic 

zeolite field.  
• Natural zeolite market likely to continue on a slow and 

steady basis.  
• Natural zeolites domestic market for catalysis and 

petroleum refining, nuclear waste treatment, and odor 
control, pollution control, and energy cost and efficiency 
issues will continue and expand.  

• Higher energy costs and greater environmental demands 
will spur zeolite production and sales significantly.  

• For the next decade, natural zeolites should emerge as a 
better–defined mineral commodity, and North America 
will become a leading producer.  
 



Zircon 



Zircon—introduction 
• ZrSiO4 

• Baddeleyte ZrO2 

• Highly resistant to weathering 
• High specific gravity 4.6-4.7 
• Other potential minerals 

– Eudialyte 
– Gittinsite 

 
 



Zircon—introduction 
• Zr resistant to corrosion by acids and 

other chemicals 
• Alloyed with Nb it becomes 

superconductive (conduct electricity 
with very little loss of energy to electric 
resistance) 

• Does not absorb neutrons 



Zircon—uses 

• zircon ceramics 
• opacifiers 
• refractories 
• foundry applications 

 

• abrasives 
• chemicals 
• metal alloys 
• welding rod 
• coatings 
• sandblasting 

 



Production 

USGS Mineral Yearbooks  metric tons 





Zircon—geology 
• Beach sands in Florida, Virginia and 

South Carolina (with Ti) 



REE 



http://pubs.usgs.gov/sir/2010/5220/ 



REE 
• Lithophile elements (or elements enriched in the 

crust)  
• Similar physical and chemical properties 
• Occur together in nature 
• Classified as metals 
• Soft, malleable, ductile and usually quite reactive 

metals 
• MP range from 798 to 1663 deg C 





ISSUE 

• In 2010, China announced it would 
significantly restrict REE exports to ensure 
supply for Chinese domestic manufacturing  

• 72% REE export reduction in 2010 
• 35% REE export reduction in 2011 
• Quota reduction officially to curb rampant 

and unregulated REE production over the 
last few years, which has caused significant 
environmental problems 
 



Ionic radius decreases with 
increasing number 



Oxidation state 
• All REE occur in 3+ state 
• Eu also occurs in 2+ state 

– Substitutes for 2+ cations such as Ca2+ 
• Ce also occurs in 4+ state 

– insoluble 







• Less abundant than rock forming minerals 
• More abundant than precious metals 
• Oddo-Harkins rule 

– greater abundance of even-numbered elements 
relative to their odd-numbered neighbors 

• easily smoothed out by “normalizing” the 
measured concentrations of REEs to some 
reference REE 
– REE abundances normalized to the primitive mantle 

values 
– chondritic meteorites 



“The estimated average concentration of the rare 
earth elements in the Earth’s crust, which ranges 

from around 150 to 220 parts per million (table 1), 
exceeds that of many other metals that are mined on 

an industrial scale, such as copper (55 parts per 
million) and zinc (70 parts per million).”  

 
“Although rare earth elements are relatively 
abundant in the Earth’s crust, they are rarely 

concentrated into mineable ore deposits.” 
 

(Long et al., 2010) 



(Long et al., 2010) 



Sc 
• 20 kg/yr produce high-intensity 

lights 
• 46Sc used in refinery cracking for 

crude oil 
• Used in mercury vapor lamps 

(resembles sunlight) 
• Recovered from thortveitite or a 

by-product of U mill tailings 



Y 
• Yttrium Iron Garnets (YIG) are used as 

resonators for use in frequency meters, 
magnetic field measurement devices, 
tunable transistors Gunn oscillators, 
cellular communications devices 

• stabilizer and mold former for exotic 
light-weight jet engine turbines and 
other parts, and as a stabilizer material 
in rocket nose cones 

• Other uses 
• Recovered from monazite 













Government documents 



https://minerals.usgs.gov/minerals/pubs/commodity/rare_earths/myb1-2014-raree.pdf 



http://www.aps.org/policy/reports/popa-
reports/loader.cfm?csModule=security/getfile&PageID=236337 



http://www.fas.org/sgp/crs/natsec/R41347.pdf 



http://www.ndu.edu/es/programs/academic/industry/reports/201
0/pdf/icaf-is-report-strategic-mat-2010.pdf 



http://www.gao.gov/new.items/d10617r.pdf 



http://energy.gov/sites/prod/files/DOE_CMS2011_FINAL_Full.pdf 
 



http://www.google.c
om/url?sa=t&rct=j&
q=&esrc=s&source=
web&cd=7&ved=0C
HAQFjAG&url=http
%3A%2F%2Fwww.
bgs.ac.uk%2Fdownl
oads%2Fstart.cfm%
3Fid%3D1638&ei=P
bwvUd3IMOryigK-
g4DYAg&usg=AFQj
CNHv3zX_vBeh3V
CZkL5RYzQyWymv
Bg&sig2=N4NSi7W
Nik2vt_XKY_2dfA 



http://pubs.usgs.gov/sir/2010/5220/ 



https://www.netl.doe.
gov/File%20Library/
Research/Coal/Rare
%20Earth%20Eleme
nts/REE-Project-
Portfolio-2016.pdf 



USES 







REE are so important because each atom 
of these elements is able to readily give 

up or accept electrons, which is an 
important property required to allow 
magnets, optics, electronics and other 

applications to work. 





https://pubs.usgs.gov/of/2013/1072/OFR2013-
1072 pdf 



USES 
• Chemical—unique electron configuration 
• Catalytic—O storage and release 
• Magnetic—high magnetic anisotropy and large 

magnetic moment 
• Optical—fluorescence, high refractive index 
• Electrical—high conductivity 
• Metallurgical—efficient H storage in REE alloys 
 
REE can not be substituted in most applications 











http://www.reitausa.org/storage/Challenges%20Facing%20New%20Global%20Rare%20
Earth%20Separation%20Plants.pdf 

Clean energy 



http://www.molycorp.com/hybrid ev.asp 

Toyota Prius 
 2.2 lbs Nd in magnets 
 22-33 lbs La in batteries 



Enabling digital 
technology 

http://www.lynascorp.com/Pages/what-are-
rare-earths.aspx 





Improving energy efficiency 
Fluid Cracking Catalysts (FCC) are 
used in the refining operation of crude 
oil and is the major contributor to 
“value-add” in the refining process. 
The process enables the 
transformation of heavy molecules 
into lighter compounds that make up 
gasoline and other fuels such as gas, 
jet fuel and diesel. 
 





http://www.australianrareearths.com/what-are-rare-earths.html 





http://fmso.leavenworth.army.mil/documents/rareearth.p
 



How much REE are needed? 

https://pubs.usgs.gov/of/2013/1072/OFR2013-1072.pdf 



How much REE are needed? 

https://pubs.usgs.gov/of/2013/1072/OFR2013-1072.pdf 



PRODUCTION 



USGS Mineral Commodities Yearbook 
metric tons 



USGS Mineral Commodities Yearbook 
metric tons 



USGS OF2011-1189 









USGS SIR10-5220 





http://www.australianrareearths.com/image
s/rees-by-company-country-ex-china.gif 



http://www.australianrareearths.com/known-rees-resources-reserves.html 



https://pubs.usgs.gov/of/2013/1072/OFR2013-1072.pdf 



James Kennedy ThREE consulting Inc.  
http://threeconsulting.com/pdfs/SME2017WebV.p

 









Other issues 







https://fas.org/sgp/crs/natsec/R41347.pdf 



Demand 



Not all REE are equal 
 

AND 
 

Good substitutions for REE used in 
modern technology do not exist 









https://fas.or
g/sgp/crs/nat
sec/R41347.
pdf 



https://f
as.org/
sgp/crs
/natsec
/R4134
7.pdf 



http://www.lynascorp.com/SiteCollectionDocuments/Fact%20Sheets/Rare_Earth_A
pplications.pdf 











USGS  
OF2011-1189 



ECONOMICS REE 



RARE EARTH ELEMENTS—
MINERALOGY 

 270 minerals 
 Bastnaesite LnFCO3 

 Apatite > 5400 ppm total REE 
Ca5(PO4)3(OH,F,Cl) 

 monazite 500,000 ppm total REE 
(Ln,Th)PO4 

 manganese nodules 99,000 ppm total 
REE 
 
 
 



http://minerals.usgs.gov/m
inerals/pubs/commodity/ra
re_earths/myb1-2012-
raree.pdf 





REE ORES 
•REE ores contain all rare earth elements 
 except Pm 
•There is no shortage of REE ores 

Most rare earths are not rare 
•Most ores are rich in Ce, La, Nd and Pr 
•The rare earths are chemically very 
 similar 
•Producers try to balance supply and 
 demand 

And are rarely successful! 



Commodity 

US 
production 
2009 mt 

World 
production 
2009 mt 

consumption 
2009 mt Price 2009 

World 
reserves 
2009 mt 

Cu 1,190,000 15,800,000 1,660,000 $2.3/lb 540,000,000 

Au 210 2,350 170 $950/oz 47,000 

REO 0 124,000 7,410 varies 99,000,000 

Be 120 140 140 $120/lb 15900+ 

Sb 0 187,000 22,400 $2.3/lb 2,100,000 

As 385 52,500 3,600 $0.92/lb 1,070,000 

Bi 100 7,300 1,020 $7.4/lb 320,000 

Ga  0 78 20 $480/kg 1,000,000 

Ge  5 14 5 $950/kg 450+ 

Te W W $145/kg 22,000 

cement 71,800,000 2,800,000,000 73,800,000 $100/mton 



Deposit Location Size (tons 
REE) 

Grade 
% 

REE 

Type of 
deposit 

Bayan 
Obo 

Inner 
Mongolia 

48,000,000 6 Carbonatite 
and/or Fe 
oxide-Cu-Au 

Mountain 
Pass 

California 1,800,000 8.9 Carbonatite  

Mount 
Weld 

Australia 1,700,000 11.2 Carbonatite 
laterite 

Dubbo Australia 700,000 0.86 trachyte 
Thor Lake NW 

Territories, 
Canada 

1,547,000 0.41 Alkaline rock 

Strange 
Lake 

Laborador, 
Quebec 

440,000 0.85 Alkaline rock 





Grade and size (tonnage) of selected REE Deposits, using data from 
Oris and Grauch (2002) and resources data from Schreiner (1993) 
and Jackson and Christiansen (1993) for the Gallinas Mountains. 
Deposits in bold are located in New Mexico.  



TYPES OF REE DEPOSITS 
• Alkaline/peralkaline 

Igneous Rocks 
• Carbonatites 
• Pegmatites 
• Iron oxide Cu-Au 

(REE) 
– Magnetite ore bodies 

• Porphyry Mo  
• Metamorphic/ 

metasomatic 
• Paleoplacer/placer/ 

beach sands 
• Colluvial REE 

 

• Residual 
– Stratiform phosphate residual 
– Ion adsorption 

clays/laterite/bauxite 
• REE-Th-U Hydrothermal 

Veins 
• Unconformity uranium 

deposits 
• Quartz-pebble conglomerate 

deposits 
• Collapse breccia pipes 
• Sea floor muds 
• Other REE-Bearing Deposits 

 



http://www.adimb.com.br/simexmin2012/wp-content/themes/simexmin/palestras/06terras/VII_1_Mariano.pdf 



Recycling 



Ce in automotive catalytic 
converters 

• Recovering PGMs 
• 19,000 metric tons Ce 
• No technologies at the 

present time  

http://pubs.usgs.gov/of/2013/1037/OFR201
3-1037.pdf 



http://phys.org/news/2015-02-recycles-valuable-rare-earth-metals.html 



Economic risks 

• Less than 1 in 10,000 deposits become 
mines 

• Estimated 1 in 2,000 or 3,000 prospects 
become mines 

• Ore processing is very deposit specific 
because of the mineralogy 

















Mine life cycle 



Closure 







Exploration methods 



Exploration methods 

• Radiometric 
– Most occur with U and Th 

• Gravimetric 
– Many are surrounded by mafic alkaline rocks 

(gravity high) or sedimentary rocks (gravity 
low) 

• Geochemical  
• Drilling, trenching  



Mining 











PROCESSING 



Mineral Processing 

• The processes focused on physically 
separating the grains of valuable 
minerals from the gangue minerals to 
produce an enriched portion, or 
concentrate, and a discard portion, or 
tailings. 

• Two major functions 
– Liberation 
– Separation 







Separation 

• Gravity 
• Magnetic 
• Flotation 
• Electrostatic Separation 

 























Politics 



Politics 

• Government reports are abundant 
• China’s policy is unknown and ever 

changing 
• Afghanistan has potential REE deposits 
• Some countries will subsidize the 

development of their deposits 



Environmental issues 
• Limited case studies 
• Knowedge is limited 
• Environmental risks likely vary among 

deposit types 
• U, Th issues 
• Other trace elements (Cd, Ni, Se????) 
• Acid drainage is probably low, but monitor 

it 
– Few sulfide minerals 
– Abundant carbonates 

 





Scarred  landscape from small REE 
mines in China and pipeline spill 

(Tien, 2013) 



Every ton of REE produced generates 
approximately 8.5 kg (18.7 lb) of F and 13 kg 
(28.7lb) of dust. Using concentrated sulfuric acid 
high temperature calcination techniques to 
produce approximately 1 ton of calcined REE ore 
generates 9,600 to 12,000 m3 of waste gas 
containing dust concentrate, hydrofluoric acid, 
sulfur dioxide and sulfuric acid, 
approximately 75 m3 of acidic wastewater, and 
about 1 ton of radioactive waste residue 
(containing water). (Chinese Society of Rare 
Earths) 



1 ton of REES creates 2,000 tons of mine tailings 





Molycorp Mountain Pass 

• Th and Ra contamination of waste water 
spills in 1990s closed the mine 

• Desert tortoise 
• Evaporating ponds 
• Water use 
• Th, Ra in waste materials 









Challenges 



KEY ISSUES FOR REE 

 Finite resources 
 Chinese market dominance 
 Long lead times for mine development  
 Resource nationalism/country risk  
 High project development cost  
 Relentless demand for high tech consumer products  
 Ongoing material use research  
 Low substitutability  
 Environmental issues 
 Low recycling rates  
 Lack of intellectual knowledge and operational expertise 

in the west  

 



(Long et al., 2010) 



ADDITIONAL CHALLENGES 

 How much REE do we need? 
 Are there enough REE in the pipeline to meet the 

demand for these technologies and other uses? 
 Can REE be recycled? 
 Are there substitutions that can be used? 
 What are the reclamation challenges? 

 REE are nearly always associated with U and Th and the 
wastes from mining REE will have to accommodate 
radioactivity and radon 



ADDITIONAL CHALLENGES 

 Will there be enough scientists engineers to develop the 
mine? 

 Substitutions  



CONCLUSIONS 

 REE are important for green technologies as 
well as our entire lifestyle and new uses will 
be found because of their unique properties 

 REE are found in specific locations based on 
favorable geology and there is sufficient 
supply for the near future 

 Need for understanding the mineralogy and 
distribution of these minerals in known ore 
deposits 
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