
ME589/GEOC589 Advanced 
Topics

Geology of Critical Minerals

REE
Virginia T. McLemore



Safety



Paper



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



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



Pegmatites



>551 pegmatites



Pegmatites
• “an essentially igneous rock, commonly of granitic 
composition, that is distinguished from other igneous 
rocks by its extremely coarse but variable grain-size, 
or by an abundance of crystals with skeletal, graphic, 
or other strongly directional growth-habits.” (London, 
2008)

• Products of magmatic differentiation, residual parts 
of the magma

• Increased volatiles and incompatible elements (large 
ionic radii)



Pegmatites

• Dikes, sills, veins, irregular masses
• In part due to slow cooling 
• Grade into aplites, which formed if the magma losses suddenly the 

volatiles and only small crystals grow
• mostly due to large volumes of gases (volatiles =H2O, Cl, F)

• Make it difficult for crystals to form=fewer crystals
• Makes the normally sticky granitic magma more viscous, which allows for 

elements to move around
• Volatiles separate as bubbles surrounded by normal liquid magma and 

crystals can form from both



Types 

•Acidic pegmatites or granitic pegmatites
•Syenitic pegmatites (Na rich with little quartz)
•Basic and ultrabasic (feldspar, olivine, 
amphibole, biotite)







USGS OF13-1008



http://www.nwopa.net/symposium/nwomms2010/05_PegmatitesRedLake.pdf



http://www.nwopa.net/symposium/nwomms2010/05_PegmatitesRedLake.pdf



Pegmatites
coarse-grained igneous rocks, lenses, or veins with granitic composition, contains 
essential quartz and feldspar, and represent the last and most hydrous phase of 
crystallizing magmas



PEGMATITES  Burro 
 Mountains

 Petaca



La Paz, Arizona





http://scholarworks.uno.edu/cgi/viewcontent.cgi?article=2263&context=td



http://web.mit.edu/12.000/www/
m2016/pdf/pegmatites_strategi
c_metals.pdf



Sinclair, 1996



IRON OXIDE-COPPER-GOLD (IOCG) 
DEPOSITS 



IRON OXIDE-COPPER-GOLD (IOCG) 
DEPOSITS 

wide spectrum of S-deficient low-Ti magnetite and/or hematite ore 
bodies of hydrothermal origin where breccias, veins, disseminations 
and massive lenses with polymetallic enrichments (Cu, Au, Ag, U, 
REE, Bi, Co, Nb, P) are genetically associated with, but either proximal 
or distal to largescale continental, A- to I-type magmatism, alkaline-
carbonatite stocks, and crustal-scale fault zones and splays 
(Corriveau)



IRON OXIDE-COPPER-GOLD (IOCG) 
DEPOSITS 

 Known as
Olympic Dam deposit 
 hematite-rich granite breccia 
Metasomatic skarns
Magmatic magnetite-hematite bodies
Magnetite ore bodies

 Enriched in Fe, Cu, U, Au, Ag, REE s (mainly La and Ce) and F 
 hydraulic fracturing, tectonic faulting, chemical corrosion, and gravity 

collapse 



IRON OXIDE-COPPER-GOLD (IOCG) 
DEPOSITS 

 at the margins of large igneous bodies which intrude into sedimentary 
strata

 form pipe-like, mantle-like or extensive breccia-vein sheets
 associated with distal zones of particular large-scale igneous events



http://kenanaonline.com/files/0040/40858/deposit_synthesis.iocg.corriveau.pdf



http://www.unige.ch/sciences/terre/mineral/publications/onlinepub/williams_ironoxideco
ppergold_seg05.pdf



http://www.sfu.ca/~dthor
kel/linked/hunt%20et%2
0al.,%20rev%20iocg_s
%202007.pdf



http://www.unige.ch/sciences/terre/mineral/publications/onlinepub/williams_ironoxideco
ppergold_seg05.pdf



http://www.sfu.ca/~dthorkel/linked/hunt%20et%20al.,%20rev%20iocg_s%202007.p
df



HITZMAN AND VALENTA, 2005, ECONOMIC GEOLOGY, V. 100, PP. 1657–1661



OLYMPIC DAM DEPOSIT IN 
AUSTRALIA

 Discovered 1975
 production for Cu 1988
 Underground mine, BHP Billiton
 Measured resource of 650 million tons (Mt) of 500 g/t U3O8

(425 ppm U), 1.5 percent Cu, and 0.5 g/t Au
 Total resource approximately 3.8 billion tons of 400 g/t U3O8

(339 ppm U), 1.1 percent Cu, and 0.5 g/t Au.

Hitzman and Valenta, 2005, Economic Geology, v. 100, pp. 1657–1661









http://eprints.utas.edu.au/1
1461/1/Geology_OD1.pdf

• Sedimentary 
basin

• Brecciation, 
mineralization

• Intrusion of mafic 
dikes

• erosion



Pea Ridge, Missouri



Pea Ridge
• 60 mi SW St. Louis, underground mine
• 1950s—Bethlehem Steel and St. Joseph Lead Co. began 

developing
• 1964—Meramec Mining Co began production
• 1981—sold to Fluor Corp.
• 1990—sold again
• 2001--bankrupt
• 2001—Upland Wings bought the mine
• 2011—Pea Ridge Resources, Inc. formed and continued 

development



Mineralogy
• Magnetite
• Hematite
• Monazite
• Xenotime
• Allanite
• Cassiterite
• Pyrite
• Apatite

• Feldspar
• Quartz
• Actinolite





Paleoplacer/placer/ beach sands



Paleoplacer/placer/ beach sands

• Monazite-bearing placers
• Heavy mineral placers
• Beach placers
• fluviatile placers
• eluvial or lag deposits



Heavy minerals sands
• accumulations of heavy, resistant minerals (i.e. high 

specific gravity) that form on upper regions of beaches 
or in long-shore bars in a marginal-marine environment

• Currently mined in Virginia and Florida
• Ilmenite 20-70%
• Zirocn trace-20%
• Rutile, leucoxene trace-30%
• Garnet, starolite, kyanite trace-50%
• Monazite trace-15%

• Monazite not being produced because of concerns 
about Th, U







• Central Idaho stream placers
• North and South Carolina stream placers
• Virginia, Georgia, and Florida beach placers







River placers



River placers





Paleo Beach Placers



Gray-shaded sandstone units are hosts of 
known beach-placer sandstone deposits in the 
San Juan Basin



Sanostee 
deposit, San 
Juan County 



Sanostee



REE in Beach 
placer 
deposits



Idealized cross-section of formation



Jurassic arc 
provided a 
highland 
consisting of 
granitic rocks 
that could 
have been a 
source 



Porphyry Mo deposits



Porphyry Mo deposits

• Climax-type
• Low F



Climax-type

• Rare
• pluton-related deposits associated with rare-metal granites 
• Mo, F, Li, Rb, Cs, Sn, Ta, Nb, REE, Be
• calc-alkaline I-type, peraluminous S-type, or peralkaline
• Closely associated with alkaline-related mineral deposits



Geochemistry

• Rb >250 ppm, Rb >250 ppm, F>2000 ppm 
• Ta>2 ppm, Sr<100 ppm, Nb>50 ppm
• enriched in Be, Cs, Li, Sn, Th, W, U, REE







Formation

• very high temperatures, 400° C to >600° C
• Fluid inclusions are hypersaline and contain both halite and sylvite

daughter minerals
• Alteration potassic, sericitic, and propylitic, and the potassic zone 
• F- and Cl-rich hydrothermal fluid separated from the crystallizing apex 

of the pluton and moved primarily upward (contained Mo, W, other 
metals)

• This fluid evolved compositionally as it cooled and moved upward







Colluvial REE







Colluvial REE

http://content.stockpr.com/peakresources/media/cb0ead90dcba68198a149dafcba9c
cfd.pdf



Residual/LATERITE 

• Stratiform phosphate residual
• Ion adsorption clays/laterite/bauxite
• Supergene 



Residual/LATERITE 
• Jianghua, China with 0.012 Mt @ 
0.035% total rare earth oxides or TREO)

• Mt. Weld, Australia (23.94 Mt @ 7.9% 
rare earth oxides or REO) 

• Araxa, Brazil (6.34 Mt @ 5% TREO)
• Tantalus, Madagascar (1.5 Mt @ 0.8% 
REO)

• Ngulla, Tanzania (40 Mt @ 4.07% REO)









Kynicky
et al., 
2012



Mount Weld, Australia

• 35 km south Laverton, western Australia
• Open pit with a strip ratio of 4.6:1
• Mined June 2008 

• 773,300 tonnes ore at 15.4% REO
• 2 mill cubic meters of overburden removed

• Ore is stockpiled according to mineralogy and grade

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









Reserves, Mount Weld

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



Phosphorite deposits





Phosphorite deposits
• Florida, North Carolina
• Phosphoria Formation, Idaho, Montana
• High P2O5, 1-40%
• Sedimentary deposits (limestones, muds)
• Apatite, fluorapatite 





http://www.ias.ac.in/meetings/annmeet/69am_talks/vprao/img10.html







Modern environments in Marine seas

• continental shelves and slopes 
• Peru, Chile, Namibia, South Africa, Baja California

• submarine plateaus, ridges, and banks, such as Blake Plateau 
off the southeastern US Chatham Rise off New Zealand 

• islands, atolls, and within atoll lagoons (guano; Nauru Island) 
• mid-plate seamounts



Unconformity-associated 
uranium deposits







TYPES OF UNCONFORMITY-
ASSOCIATED 
URANIUM DEPOSITS

 Clay-bound Proterozoic unconformity
 Strata-bound Proterozoic unconformity
 Strata-bound Proterozoic unconformity
 Phanerozoic unconformity-related



• Massive pods, veins and/or disseminated 
uraninite  associated with unconformities 
between Proterozoic siliciclastic red beds and 
metamorphic basement that includes graphitic 
metapelite and radiogenic granite.

Unconformity-associated 
uranium deposits



• Pitchblende fills extensional features in 
reactivated fault zones and  replaces matrix in 
sandstone

• One mining district in Canada 
– the Athabasca Basin
- >30 deposits /prospects 
- most in eastern ¼ of  basin
- produces 1/3  of world’s U

Unconformity-associated 
uranium deposits



590 Economic / potential U deposits all types >500 Tonnes U @ >0.03% U (IAEA)

Unconformity-associated 
uranium deposits



One deposit type, two end-member fluid flows



Athabasca
Group

Quaternary

regolith

Growfaults
alteration

~ 100 m

W E

> 1750 Ma 
intercalated 
ortho- and 
paragneiss

m
etaquartzite

m
eta-pelite +

m
eta-psam

m
ite

tonalitic

gneissgraphitic S.Z.

unconformity

old valley

grow
hill

Mono-
metallic

-basement hosted
-uranium
-Lower total REE

Poly-
metallic

-”sandstone” hosted
-U, Ni, Co, Cu, As
-high total REE

Summary—Unconformity-associated 
uranium deposits



MAJOR UNCONFORMITY TYPE 
DEPOSITS IN THE WORLD

 Athabasca Basin, Saskatchewan, 
Canada

 Pine Creek Geosyncline, Northern 
Territory, Australia



QUARTZ-PEBBLE 
CONGLOMERATE DEPOSITS



QUARTZ-PEBBLE 
CONGLOMERATE DEPOSITS

 Upper Archean to Lower Proterozoic age 
 consist of detrital ore minerals of uranium and other 

metals 
 pyrite 
 Interbedded within siliciclastic sequences containing 

layers of quartzite and argillite
 mineralized conglomerates. 

 Blind River, uranium and rare earth elements base of the 
stratigraphic sequence above the unconformity.

 In the Witwatersrand, uranium in multiple beds dispersed 
through a thick stratigraphic sequence and is recovered as a 
by-product of gold production.



QUARTZ-PEBBLE 
CONGLOMERATE DEPOSITS

 Blind River — Elliot Lake, Ontario, 
Canada

 Witwatersrand, South Africa





Sea floor

• Muds
• Manganese nodules
• Ferromanganese crusts (sea mounts)



http://ieeexplore.ieee.org/stamp/stamp.jsp?
tp=&arnumber=6107119



Sea floor muds



Sea floor muds



Sea floor muds



Alkaline/peralkaline Igneous 
Rocks



>791 Alkaline/peralkaline igneous 
rock complexes in the world



Definition alkaline rocks

• 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—characteristics
•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)







Grade-tonnage



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—geology

• 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—mineralogy

• 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

















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



Proterozoic 
Pajarito 
Mountain



Proterozoic 
Pajarito 
Mountain



Mineralogy Proterozoic Pajarito 
Mountain (Berger, 2018)

Eudialyte 
Na4(Ca,Ce)2(Fe++,Mn,Y)ZrSi8O22(OH,Cl)2
Fluorite CaF2
Apatite Ca5(PO4)3(OH,F,Cl) (with U, Th)
Zircon ZrSiO4 (with U, REE)
2 REE-bearing silicates



• In 1990, Molycorp, Inc. reported historic 
resources of 2.7 million short tons grading 
0.18% Y2O3 and 1.2% ZrO2 as 
disseminated eudialyte 

• Historic REE resources—537,000 short 
tons of 2.95% total REE (Jackson and 
Christiansen, 1993)

Proterozoic Pajarito Mountain



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



Carbonatites



>330 Carbonatites



Carbonatites

•An igneous intrusive or extrusive rock containing more 
than 50% carbonate (calcite, dolomite, ankerite) (Bell, 
1989)
•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 carbonatite 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
•Could be a IOCG?????



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

















Mountain Pass, Ca timeline
• 1949 Discovered as an U anomaly
• 1952 Mountain Pass mine opens (Molybdenum Corporation of America)
• 1974 Molybdenum Corporation of America change to Molycorp
• 1977 Became Union Oil Co.
• 2002 Pipe break, mine closes
• 2005 Became Chevron Corp.
• 2008 Chevron sells to Molycorp Minerals LLC
• 2012 Mining resumed
• 2015 Molycorp Minerals LLC declares bankruptcy
• 2016 Neo Performance Materials acquires mine
• 2017 JHL Capital Group LLC, QVT Financial LP, and Shenghe Resources 

Holding Co., a Chinese minority shareholder, acquires mine, retaining name MP 
Materials

• 2018 MP Materials resumes mining
• 2022 MP gets $35 mill grant from DOD for processing

• Plans to process REE end of this year

























Cambrian-
Ordovician 
carbonatites, 
syenites, alkali 
granites, 
episyenites



Lemitar carbonatite



Lemitar carbonatites (McLemore, 1983)

Chupadera carbonatites (van Allen et al., 
1986)







Metamorphic/metasomatic



The term episyenite was originally used to describe metasomatic syenites whose magmatic protolith
was not certain (Lacroix, 1920). These deposits are also known for their uranium content and called 
metasomatite deposits by the International Atomic Energy Agency (2018). Episyenites are quartz-
depleted, K-feldspar-rich altered rocks that were desilicified and metasomatized by alkali-rich fluids 
(Leroy, 1978; Recio et al., 1997; Boulvais et al., 2007; Suikkanen and Rämö, 2019). The metasomatic 
rocks in several areas in New Mexico, including the Caballo, Burro, and Zuni Mountains and Lobo Hill 
were erroneously called magmatic syenites and alkali granites (McMillan and McLemore, 2004), but are 
actually metasomatic in origin and not primary igneous rocks (Fig. 1; McLemore, 2013, 2020; Riggins, 
2014; Riggins et al., 2014). Elsewhere in the world, these alkali-rich metasomatic rocks are associated 
with U and Th deposits (Costi et al., 2002; Condomines et al., 2007; Cuney et al., 2012; International 
Atomic Energy Agency, 2018; Suikkanen and Rämö, 2019), gold deposits (López-Moro et al., 2013) 
and tin-tungsten deposits (Charoy and Pollard, 1989; Costi et al., 2002; Borges et al., 2009), but 
unmineralized episyenites are found as well (Petersson and Eliasson, 1997; Recio et al., 1997; Hecht 
et al., 1999). Episyenites are similar to altered rocks formed by fenitization and would be called fenites
by some geologists. Fenitization is the alkali-metasomatism associated with carbonatites or alkaline 
igneous activity (LeBas, 2008). However, we are reluctant to use the term fenite for these rocks studied 
here because there is no definitive spatial association with carbonatite or alkaline igneous rocks.



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





Ages of igneous rocks associated with North 
American Cordilleran alkaline-igneous belt in NM, 
TX, and Mexico, arranged from north to south. 
Small- to medium-sized volcanic/magmatic fields or 
porphyry systems, with ages ranging from 22 to 46 
Ma (updated from McLemore, 2018)

blue line=predominantly 
porphyry Mo deposits

black lines=primary Au and 
base metals districts

red lines= predominantly 
REE districts



Mineral production from the Gallinas Mountains
Mineral Produced Mine name Years of 

production
Amount (short tons) Grade %

Copper various 1909-1953 192.7
Gold various 1913-1955 7 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
Bastnäsite Conqueror No. 9 1954-1955 60

Conqueror No. 10 1956 11
Red Cloud 1980 600

Total bastnäsite 1954-1956 671



Gallinas Mountains, New Mexico
District produced Cu, Ag, 
Pb, Zn, Fe, F, and REE 
(bastnäsite)

More than 30 units (22 
intrusive) have been 
mapped. Additional faults 
have been recognized and 
mapped.



Gallinas Mountains, New Mexico
• Host rocks are dikes, sills, and laccoliths that 

have intruded the Permian Glorieta, Yeso and 
Abo formations and Proterozoic granites

• Andesite
• Trachyte to trachydacite to trachyandesite
• Syenite
• Rhyolite 
• Intrusive breccia pipes

Mafic xenolith in trachyte (Gal131)

Rapikivi texture in syenite (Gal1006) 

Miarolitic cavity with quartz, 
orthoclase in rhyolite (Gal1150)

Andesite dike near Sky High mine

Clear evidence of complicated 
system of multiple pulses of 
magmas



40Ar/39Ar
Geochronology 
Results
• Early magmatic 

activity (38.5 to 
29.3 Ma)

• Alkaline intrusive 
flare-up (28.8 to 
28.0 Ma)

• Alteration and 
implied younger 
intrusions (25.8 to 
24.4 Ma)



Preliminary Conclusions
• Detailed mapping coupled with sampling for geochemistry, mineralogy, and 

geochronology is critical in understanding the field relationships of the 
mineralization and alteration

• Major faults are not mineralized with the exception of the Pride and Buckhorn faults
• Breccia and vein deposits are mostly along faults with small displacements and 

fracture zones
• 40Ar/39Ar geochronology results indicate 2-3 periods of magmatic activity

• Early magmatic activity (38.5 to 29.3 Ma)
• Alkaline intrusive flare-up (28.8 to 28.0 Ma)
• Alteration and younger intrusions (25.8 to 24.4 Ma)

• Five types of mineral deposits are defined in the district distinguished by 
mineralogy, chemistry, form and host rocks (hydrothermal breccia and 
fissure veins, F replacements/disseminations, intrusive breccia pipes, Fe 
skarn-contact replacement deposits, carbonate breccias)

• The hydrothermal breccia and fissure vein deposits are further subdivided according 
to mineral and chemistry



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
 Mainly U production but some Cu locally
 Poential source of REE, Co, Ni







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??



•Next class MARCH 22, 2022
•Safety
•Paper 

•Midterm DUE MARCH 15
•Lab exercise DUE MARCH 22



1. Describe each sample (or group of samples). What are the minerals of 
economic interest? 

2. What is/are the potential critical mineral or minerals?
3. What is the future production of each area? Would you recommend additional 

exploration?

Look up the papers (some are on my web site  Critical (nmt.edu)). 
REEinNM (nmt.edu)
McLemore, V.T., Smith, A., Riggins, A.M., Dunbar, N., Rämö, O.T., and Heizler, 
M.T., 2020, REE-bearing Cambrian-Ordovician episyenites and carbonatites in 
southern and central New Mexico, USA, in Koutz, F.R. and Pinnell, W.M., eds. 
Vision for discovery: Geology and ore deposits if the Great Basin: Geological 
Society of Nevada, 2020 Symposium Proceedings, p. 411-428.

Lab

https://geoinfo.nmt.edu/staff/mclemore/teaching/Critical.html
https://geoinfo.nmt.edu/staff/mclemore/projects/mining/REE/REEinNM.html
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