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Magmatism and Extension in New Mexico and Colorado: NMBGMR, 
Bulletin 160, 12 p., 
http://geoinfo.nmt.edu/publications/bulletins/160/downloads/01m
cmill.pdf

 McLemore, V.T., et all, 2012, Intermittent Proterozoic plutonic 
magmatism and Neoproterozoic cooling history in the Caballo 
Mountains, Sierra County, New Mexico; Preliminary Results: New 
Mexico Geological Society Guidebook 63, p. 235-248, 
https://nmgs.nmt.edu/publications/guidebooks/papers.cfml?v=63&
file=63_p0235_p0248.pdf



TYPES OF REE DEPOSITS



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



ALKALINE/PERALKALINE IGNEOUS ROCKS



>791 Alkaline/peralkaline igneous rock 
complexes



DEFINITION

 Deficient in SiO2 relative to Na2O, K2O, and CaO
 Peralkaline=Na2O+K2O>Al2O3 (excess Al)
 Peraluminous=Al2O3>Na2O+K2O





ALKALINE IGNEOUS ROCKS

 Igneous rocks with Na2O+K2O>0.3718(SiO2)-
14.5

 Igneous rocks with mol Na2O+mol K2O>mol 
Al2O3

Gallinas Mountains
Capitan pluton



ALKALINE/PERALKALINE IGNEOUS ROCKS

 Cooling of magmas derived by partial melting of rocks
 Enriched in Zr, Nb, Sr, Ba, Li, REE, U, Th
 None are currently being mined for REE
 Examples Bokan Mountain, southeastern Alaska; Thor Lake, 

Strange Lake and Kipawa Lake in Canada; Kola Peninsula, 
Russia; and Ilímaussaq, Greenland 

 Contain a variety of ore minerals that are usually either REE-
bearing carbonates, phosphates, or fluorates

 Complex replacements of minerals
 Associated with metasomatic alteration called fenitization

 Alkali-rich fluids from the crystallizing magma, converts the 
host rock minerals to an assemblage of alkali-bearing 
minerals (either K- or Na-rich)









THOR LAKE (NECHALACHO RARE EARTH 
ELEMENT PROJECT), NORTHWEST TERRITORIES, 
CANADA







THOR LAKE

 Discovered in 1976
 Highland Resources Ltd. 1976-2004 >$12 mill
 Placer Development Ltd (now Placer Dome Inc.) 

1980-1981
 Highland 1983
 Hecla Mining Co of Canada 1986
 2001 Navigator Exploration Corp 2001
 Avalon 2005 purchased



THOR LAKE
 Peralkaline Blackford Lake intrusion, ~2.14 Ga
 Syenites, granites, and gabbros, with pegmatites and 

a core of nepheline-sodalite syenite
 5 distinct zones (tabular zones)

 Nechalacho
 North T
 South T
 S
 R

 Nepheline-sodalite syenite at Nechalacho
 complex interplay of magmatic and hydrothermal 

processes



SHEARD ET AL., 2012







THOR LAKE

 tabular hydrothermal alteration zone
 averages 100-150 m thick 
 replacement of the primary mineral 

assemblage by chlorite, magnetite, biotite, 
zircon, monazite, allanite, bastnaesite and 
fergusonite

 distinct horizontal layering with HREE content 
generally increasing towards the base of the 
deposit









http://www.goldgeologist.com/mercenary_musings/musing-091103-Avalon-Rare-
Metals-Inc-A-Real-Rare-Earth-Story.pdf



THOR LAKE

 HREE in fergusonite ((Y,HREE)NbO4) and zircon 
(ZrSiO4) 

 LREE in bastnaesite, synchysite, allanite and 
monazite 

 Nb and Ta in columbite as well as zircon and 
fergusonite 



THOR LAKE

 “Basal Zone” contains between 1.5 and 2.5% 
total rare earth oxides 20 m thick

 Model=REE and rare metals being originally 
precipitated as cumulate minerals as part of 
the magmatic process

 Subsequent hydrothermal activity altered these 
to the presently seen assemblage of REE 
minerals

 23 ppm U and 114 ppm Th











SHEARD, 
2012



















BOKAN MOUNTAIN, ALASKA





MINING ENGINEERING, 2012, HTTP://UCORE.COM/MININGENGINEERING%20JAN2012.PDF



http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=12&ved=0CDg
QFjABOAo&url=http%3A%2F%2Fwww.legis.state.ak.us%2Fbasis%2Fget_documen
ts.asp%3Fsession%3D26%26docid%3D7452&ei=sWM2UY7PMuLRyAGjh4Ao&usg
=AFQjCNHfwV6sj77hCvqlL07GZx_hg_KjTA&sig2=vaFBys12VGB2VfhEoUo3-A



http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=12&ved=0CDg
QFjABOAo&url=http%3A%2F%2Fwww.legis.state.ak.us%2Fbasis%2Fget_documen
ts.asp%3Fsession%3D26%26docid%3D7452&ei=sWM2UY7PMuLRyAGjh4Ao&usg
=AFQjCNHfwV6sj77hCvqlL07GZx_hg_KjTA&sig2=vaFBys12VGB2VfhEoUo3-A















PAJARITO MOUNTAIN, MESCALERO APACHE 
INDIAN RESERVATION NEAR RUIDOSO



PAJARITO MOUNTAIN, MESCALERO APACHE 
INDIAN RESERVATION NEAR RUIDOSO

 In 1990, Molycorp, Inc. reported historic 
resources of 2.7 million short tons grading 
0.18% Y2O3 and 1.2% ZrO2 as disseminated 
eudialyte
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Samples also are high in Y (as much as 106 ppm) and Ce (as much as 138 ppm)



CARBONATITES



>330 Carbonatites



Carbonatites

 An igneous intrusive or extrusive rock 
containing more than 50% carbonate (calcite, 
dolomite, ankerite) (Bell, 1989)

 intrusive igneous rocks rich in carbonate 
minerals that form central plugs within alkaline 
intrusive complexes, or dykes, sills and veins 
(Barker, 1989)







BAYAN OBO, CHINA



BAYAN OBO, CHINA

 Largest in the world
 Discovered in 1927, mined for Fe ore

 1500 Mt 35% Fe

 REE discovered in 1936
 100) million tonnes at 6% REE2O3

 Nb discovered in 1950s
 Dolphins harmed by mine tailings in the Yellow 

River



MINERALOGY

 Bastnasite
 Monazite
 Aeschynite
 Orthite
 apatite
 Parisite

 Huanghoite
 Fergusonite
 Fersmite
 Xenotime
 Daqingshanite
 Cordylite
 Chevkinite
 britolite





http://www.igg.cas.cn/rssdy/201108/W0201
10824363804401800.pdf





KYNICKY ET 
AL. 2012





MOLYCORP MOUNTAIN PASS



MOLYCORP MOUNTAIN PASS
 Mojave Desert
 Discovered in 1949 during exploration for U
 1.4 Ga

Birthday vein















































CAMBRIAN-
ORDOVICIAN
CARBONATITES, 
SYENITES, 
ALKALI 
GRANITES, 
EPISYENITES



Lemitar carbonatite



Lemitar carbonatites (McLemore, 1983)

Chupadera carbonatites (van Allen et al., 
1986)







METAMORPHIC/METASOMATIC



Episyenites in 
Longbottom Canyon, 
Caballo Mountains



EPISYENITES IN 
CABALLO
MOUNTAINS



CHEMISTRY OF CABALLO EPISYENITES





REE-TH-U HYDROTHERMAL VEINS



REE-TH-U HYDROTHERMAL VEINS

 various Th and REE minerals found in 
hydrothermal veins and are commonly 
associated with alkaline igneous rocks and 
carbonatites

 tabular bodies, narrow lenses, and breccia 
zones along faults, fractures and shear zones





Mines and 
prospects in 
the Gallinas 
Mountains, 
Lincoln County



METHODS

 Published and unpublished data were inventoried and 
compiled on existing mines and prospects within the Gallinas 
Mountains

 A geologic map was compiled in ARCMAP@ by modifying 
Kelley et al. (1946), Perhac (1961, 1970), Fulp and 
Woodward (1991), Korzeb and Kness (1992), Schreiner 
(1993), and field reconnaissance by the author (1980, 
2009-2010).

 Samples were collected and analyzed and compared with 
published data (McLemore, 2010). 

 Igneous rock lithologies were identified on the basis of 
mineralogy and chemistry as defined by LeMaitre (1989).



MINERAL PRODUCTION
Mineral 
Produced

Mine name Years of 
production

Amount (short 
tons)

Grade %

Copper various 1909-1953 192.7
Gold various 1913-1955 6.58 ounces
Silver various 1909-1955 23,723 ounces
Lead various 1909-1055 863.4
Zinc various 1948-1953 8.7
Iron ore American 1942-1943 3,944 55.7

Gallinas 1942 6,410 48.7
Other mines 3,326

Total iron ore 1942-1943 11, 540

Fluorite All American 1951-1954 129

Conqueror ( Tinto) 1951-1954 300

Red Cloud 1951-1954 1,000

Total fluorite 1951-1954 1,608

Bastnaesite Conqueror No. 9 1954-1955 60
Conqueror No. 10 1956 11

Total 
bastnaesite

1954-1956 71





Mines and prospects in 
the Gallinas Mountains, 
Lincoln County



North American 
Cordilleran Belt of 
Alkaline Igneous Rocks 



Geologic Map of the 
Gallinas Mountains, 
Lincoln and Torrance 
Counties, New Mexico 
(Modified From Kelley 
et al., 1946; Kelley, 
1949, 1971; Perhac, 
1961, 1970; 
Woodward and Fulp, 
1991; Schreiner, 1993; 
Field Reconnaissance 
by the Author)



Photograph of the porphyritic 
latite (sample GM10-6).

Photograph of the trachyte (sample 
GM10-9).

Photograph of the rhyolite 
(sample GM10-7).



THE GALLINAS MOUNTAINS 
TRACHYTE WAS DATED BY K/AR 
METHODS AS 29.9 MA (PERHAC, 
1970). 





REE-F veins (131 samples) Cu-REE-F veins (65 samples)

Iron skarns (6 samples)Breccia pipe deposits (58 samples)



QUARTZ AT 
200- 400°C 
(WILLIAM-
JONES ET AL., 
2000)



~15 WT PERCENT NACL EQUIV (WILLIAM-JONES ET AL., 2000)



MINERAL 
ZONING



PARAGENESIS



SEQUENCE OF EVENTS

 Emplacement of the trachyte/syenite ~30 Ma
 Sodic fenitization 
 Deposition of the iron skarns
 Faulting and brecciation
 Formation of the magmatic-hydrothermal 

breccia pipes
 Potassic fenitization
 Additional brecciation
 Deposition of the REE-F and Cu-REE-F veins
 Late stage deposition of quartz and calcite



SCHEMATIC MODEL OF FORMATION OF THE MINERAL DEPOSITS IN 
THE GALLINAS MOUNTAINS, LINCOLN COUNTY, NEW MEXICO 
(MODIFIED IN PART FROM SCHREINER 1993; RICHARDS, 1995; 
WILLIAMS-JONES ET AL., 2000).



COLLAPSE BRECCIA PIPES



COLLAPSE BRECCIA PIPES

 Circular, vertical (up to 1000 metres in 
vertical extent) pipes filled with down-
dropped coarse and fine fragments 
stopped from the overlying sediments

 Mineralized pipes range from 30 to 200 
metres in diameter

 Orphan mine, Arizona, USA







http://www.libertystaruranium.com/wp-
content/uploads/2012/04/23AGS22WenrichandTitleyfinal-Protect.pdf







OTHER REE-BEARING DEPOSITS



OTHER REE-BEARING DEPOSITS

 REE could be recovered as a by-product of 
Uranium, thorium, and phosphate deposits
 Examine sandstone U deposits for REE contents 

 Other placer deposits (fluvial, alluvial placers) 
could carry anomalous amounts of REE.

 Fluorite veins can carry high concentrations of 
REE, especially Y.

 Coal??



PROJECTS

 Due April 29
Report and class presentation

 Group report/presentation encouraged
 Read

Naumov, A.V., 2010, Selenium and tellurium: State 
of the markets, the crisis, and its consequences: 
Metallurgist, v. 54, p. 197-200



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























MOLYCORP





MOLYCORP FACILITIES



LYNAS PLANT



LYNAS PLANT

 Mine
 Mill produces a concentrate (REE phosphate)
 Cracking and leaching using sulfuric acid to 

yield a REE-rich solution
 Solvent extraction

Upstream solvent extraction separates LREE (La-
Nd) and HREE (Sm-Gd and other HREE)

Downstream solvent extraction separates REE into 
groups and individual elements



LYNAS PLANT



LYNAS PLANT
 Product finishing

 La-Ce carbonate
 La carbonate
 Ce carbonate
 Sm-Eu-Gd (SEG)+heavy REE carbonate
Nd-Pd oxide

 Products derived from processing (plan to 
develop a market)
Gas from cracking and leaching treated to yield a 

synthetic gypsum
Water leaching yields an iron phospogypsum

















ENVIRONMENTAL ISSUES



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









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



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

















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



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


