MES571/Geol571 Advanced
Topics

Geology and Economics of
Strategic and Critical Minerals
Spring 2017

Commodities—Dberyllium

Virginia T. McLemore



ASSIGNMENT

NEXT WEEK (Feb 13, 20) no class, REE Feb 27,
March 6

Castor, S.B., 2008, The Mountain Pass rare-earth carbonatite and
associated ultrapotassic rocks, California: The Canadian
Mineralogist, v. 46, p. 779-806,
http://canmin.geoscienceworld.org/content/46/4/779.full.pdf+html?s
1d=180ae325-acd5-4226-9a02-175f7a865el7

Long, K.R., van Gosen, B.S., Foley, N.K. and Cordier, D., 2010,
The principle rare earth elements deposits of the United States—A
summary of domestic deposits and a global perspective: U.S.
Geological Survey, Scientific Investigations Report 2010-5220, 104
p., http://pubs.usgs.gov/sir/2010/5220/ (accessed 5/1/12).

Mariano and Mariano, 2012, Rare earth mining and exploration in
North America: Elements, v. 8, 369-376,
http://elements.geoscienceworld.org/content/8/5/369.full.pdf+html?s
1d=605ebd04-9070-4994-9bce-b1cdd/79f349d



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

ULS. Department of the Interior
L5, Geological Survey

MINERAL COMMODITY
SUMMARIES 2017

https://minerals.usgs.gov/m
Abrsiues Auorspar Mrcury Silicon inerals/pubs/mcs/2017/mcs

Aluminum Gallium Mica Silver
“Antimony - Garnet Molyhdenum Soda Ash
g Gemstones Nickel Stone 2017 . pdf
Germanium Niobhium - Strontium
Gold Nitrogen Sulfur
Graphite Palladium Tale
Gypsum Peat Tantalum
] Hafnium Perlite Tellurium
Boron 4 Helium Phosphate Rock Thallium
Bromine % Indionm Platinum Thorium
Cadmium’ @ lodine Potash Tin
Cement Iron and Steel Pumice Titanium
= lron Ore Quartz Crystal Tungsten
Jron Oxide Pigments Rare Earths Vanadium
Kyanite Rhenium Vermiculite
Lead Rubidium Wollastonite
Lime Sak Yttrium
Lithium Sand and Gravel Zeolites
Magnesium Scandium Zinc
Manganese Selenium Zirconium

science for a changing world




MAJOR IMPORT SOURCES OF NONFUEL MINERAL COMMODITIES

FOR WHICH THE UNITED STATES WAS GREATER THAN 50% NET IMPORT RELIANT IN 2016
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DEFINITIONS



A mineral occurrence Is any
locality where a useful mineral or
material 1s found.



A mineral prospect Is any
occurrence that has been
developed by underground or by
above ground techniques, or by
subsurface drilling to determine
the extent of mineralization.



The terms mineral occurrence
and mineral prospect do not have
any resource or economic
Implications.



A mineral deposit Is any occurrence
of a valuable commodity or mineral
that Is of sufficient size and grade
(concentration) that has potential for
economic development under past,
present, or future favorable
conditions.



An ore deposit iIs a well-defined mineral
deposit that has been tested and found to be of
sufficient size, grade, and accessibility to be
extracted (i.e. mined) and processed at a profit
at a specific time. Thus, the size and grade of
an ore deposit changes as the economic

conditions change. Ore refers to industrial
minerals as well as metals.




Mineral Deposits versus Ore Bodies

mineral deposit

ore body

mineral deposit

ore body

reserves

+ reserves

+ unmineable
+ uneconomic
+ mined



http://www.google.com/url?sa=t&rct=j&g=&esrc=s&source=web&cd=26&ved=0CGAQFjAFOBQ&url=http%3A%2F%2Fwww.esta-
uk.net%2Findex_htm_files%2FMineralDepositslIntroduction_ian_kenyon.ppt&ei=W7TcUMGdHtGNrQHb54DQCw&uUsg=AFQjCNFe9wj9b44mEcqDy-
T57C13zjvBwQ&sig2=BzFdcc80nlIFX75PdKDY Cw&bvm=bv.1355534169,d.aWM



G?ade — Ftefers to the prupﬁﬁ'igﬁ‘ Bf the ore that
is the ore mineral or actual elemental metal content that

can be extracted from it - expressed as a percentage

The grade of the Cornish tin ore is between 0.5
and 1.5 % cassiterite (Sn O,) This means there
is between 98.5 and 99.5% gangue in the ore

http://www.google.com/url?sa=t&rct=j&g=&esrc=s&source=web&cd=26&ved=0CGAQFjAFOBQ&url=http%3A%2F%2Fwww.esta-
uk.net%2Findex_htm_files%2FMineralDepositslIntroduction_ian_kenyon.ppt&ei=W7TcUMGdHtGNrQHb54DQCw&uUsg=AFQjCNFe9wj9b44mEcqDy-
T57C13zjvBwQ&sig2=BzFdcc80nlIFX75PdKDY Cw&bvm=bv.1355534169,d.aWM



Tenor — Refers to the percentage of the ore
mineral that is actual metal to be extracted

Thner of iron ores vary considerably:
Limonite 35% Fe, Haematite 57% Fe, Magnetite 70%

http://www.google.com/url?sa=t&rct=j&g=&esrc=s&source=web&cd=26&ved=0CGAQFjAFOBQ&url=http%3A%2F%2Fwww.esta-
uk.net%2Findex_htm_files%2FMineralDepositslIntroduction_ian_kenyon.ppt&ei=W7TcUMGdHtGNrQHb54DQCw&uUsg=AFQjCNFe9wj9b44mEcqDy-
T57C13zjvBwQ&sig2=BzFdcc80nlIFX75PdKDY Cw&bvm=bv.1355534169,d.aWM



Calculating Ore Grade as % Mineral
Content and % Elemental Metal Content

Relative atomic masses are:
Cu=63.5 Fe=56and S= 32

So 1kg of copper will be found in:
63.5 + 56 + (2 x 32)/63.5

This equals 2.9 kg of Chalcopyrite

If the ore contained 2% copper then it
would have 2 x 2.9 = 5.8% Chalcopyrite

http://www.google.com/url?sa=t&rct=j&g=&esrc=s&source=web&cd=26&ved=0CGAQFjAFOBQ&url=http%3A%2F%2Fwww.esta-
uk.net%2Findex_htm_files%2FMineralDepositslIntroduction_ian_kenyon.ppt&ei=W7TcUMGdHtGNrQHb54DQCw&uUsg=AFQjCNFe9wj9b44mEcqDy-
T57C13zjvBwQ&sig2=BzFdcc80nlIFX75PdKDY Cw&bvm=bv.1355534169,d.aWM



Tonnage — Refers to the total amount of metal that

can be extracted from any particular ore deposit.

Mined QOut

Sudbury
Igneous Complex

Tonnage is calculated by taking into account the volume of the
ore deposit, the grade of the ore and the tenor of the ore mineral
http://www.google.com/url?sa=t&rct=j&g=&esrc=s&source=web&cd=26&ved=0CGAQFjAFOBQ&url=http%3A%2F%2Fwww.esta-

uk.net%2Findex_htm_files%2FMineralDepositslIntroduction_ian_kenyon.ppt&ei=W7TcUMGdHtGNrQHb54DQCw&uUsg=AFQjCNFe9wj9b44mEcqDy-
T57C13zjvBwQ&sig2=BzFdcc80nlIFX75PdKDY Cw&bvm=bv.1355534169,d.aWM




CLASSIFICATION OF
MINERAL RESOURCES
ON U.S. FEDERAL LAND



Locatable Minerals are whatever 1s
recognized as a valuable mineral by standard
authorities, whether metallic or other
substance, when found on public land open to
mineral entry In quality and quantity sufficient
to render a claim valuable on account of the
mineral content, under the United States
Mining Law of 1872. Specifically excluded
from location are the leasable minerals,
common varieties, and salable
minerals.



|_easable Minerals The passage of the
Mineral Leasing Act of 1920, as
amended from time to time, places the
following minerals under the leasing
law: oll, gas, coal, oil shale, sodium,
potassium, phosphate, native asphalt,
solid or semisolid bitumen, bituminous
rock, oil-impregnated rock or sand, and
sulfur in Louisiana and New Mexico.



Salable Minerals The Materials Act
of 1947, as amended, removes
petrified wood, common varieties of
sand, stone, gravel, pumice,
pumicite, cinders, and some clay
from location and leasing. These
materials may be acquired by
purchase only.



Other terms



Canadian Instrument 43-101

« Set of rules and guidelines for reporting information
relating to a mineral property in order to present these
results to the Candian stock exchange

— created after the Bre-X scandal to protect investors from unsubstantiated
mineral project disclosures

— gold reserves at (Bre-X's) Busang were alleged to be 200 million ounces
(6,200 t), or up to 8% of the entire world's gold reserves FRAUD

e Similar to JORC (joint ore reserves committee code,
Australia)

« South African Code for the Reporting of Mineral Resources
and Mineral Reserves (SAMREC)



Other terms

o Adjacent property
— Company has no interest
— Boundary close to project
— Geologic characteristics similar to project
» Advanced property
— Mineral reserves
— Minerals resources with a PEA or feasibilty study

o Early stage exploration property



Qualified person (43-101)

engineer/geoscientist with a university degree, or
equivalent accreditation, in an area of geoscience,
or engineering, relating to mineral exploration or
mining

has at least five years of experience

has experience relevant to the subject matter of the
mineral project and the technical report

IS In good standing with a professional association



LIFE CYCLE OF AMINE



Phases of Mining

Temporary Suspension

can be repeated

M

Termination

1

Exploration

(1-10 yrs or more)
l[dentification of targets,
land acquisition (staking a
claim, obtaining a lease),
Geologic models,
Geoenvironmental models

~>

Mine developmenf(

(1-5 yrs)

]

~3| Operations __—>»

(2->100 yrs)

!

Prospecting

L3

permitting

Exploration

: /

Discovery

Feasibility
Study

Design

Site investigation, mine plan,
processing facilities,

design for closure

v

Environmental
Impact
Statement (EIS)
or
Environmental
Assessment
(EA)

MNot always required

¥

L >

Mine permitting

¥

Construction/
Development

I

Additional
Exploration

{

| Production

Final Closure/
Reclamation/

Decommission
{1-56 yrs (or more))

|

Additional
Exploration

R

< | Expansion

Key

] Mine stages pre-1970s
[] Mine stages 1970s-2000
[ Mine stages after 2000
—> Main stages

—> Secondary stages

__. Optional stages




Stages of Mining

Exploration (discovery, premining,
undisturbed)

— Mineral resource potential
— Prefeasibility/Feasibility study

Mine development (inc. continued exploration)

Operations (extraction/production/expansion)
— Processing/beneficiation/milling/smelting/refining
— Mine expansion/standby

Marketing
Closure/postclosure/post-mining use



What is beryllium?



What iIs beryllium?
e Beryllium
— Average of 0.52 mg/kg In soll

— Occurs as minerals, trace Beryllium metal
concentrations In other minerals

AT
.
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i
£ Y

Beryllium ore Beryllium oxide Beryllium alloys




Beryllium is a rare metal with unique
characteristics.

It is used as a pure metal or as an
alloy with copper and aluminum.

Bertrandite and beryl pegmatite are
the two most common beryllium
ores.

Mon
M agnetic
arrg Non
Sparking




Beryllium

4t element on the periodic table

44" element in abundance

Gemstone

low density (1.85 grams/cubic centimeter)
It has a very high melting point: 1,278° C

resistance to creep, shear strength, tensile
strength, comprehensive yield strength and just
Its fracture toughness



Beryllium—~Properties

L_ow absorption cross-section with respect to thermal neutrons
Light element

Ability to withstand extreme heat

Remain stable over a wide range of temperatures

Function as an excellent thermal conductor

Transparent to x-rays

_ight

Non-sparking

High heat capacity

Stronger than steel

In small amounts prevents metal fatigue failure in alloys with
other metals




Beryllium—Uses

Electronic and electrical components
Aerospace and defense applications
Used as pure metal

Mixed with other metals to form alloys

Processed to form salts that dissolve In
water

Excellent refractory=processed to form
oxides and ceramic materials

Reflector of neutrons=application in nuclear
reactors



Beryllium—Uses

Alr bag sensors
Ignition

Power steering and
electronic auto systems
Fire extinguishers
Sprinkler heads
Pacemakers

lasers

Military electronic
targeting and infrared
countermeasure systems

Circuits controlling electric
windows In cars

computer chip heat sinks

Nuclear fuel

Wind turbine components
Golf club shafts

Engine blocks

Disc drives

Wheel rims

Cellular phones

Home temperature
controls

e Ceramics
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View of the back of one of the 18 beryllium mirror
segments for the James Webb Space Telescope. The
ribs atthe back ofthe mirror help to maintain the mirrors
strength and ability to hold its shape under extreme
conditions. The front of the mirror is completely smooth
and coated in a thin film of gold. Photograph courtesy of
the National Aeronautics and Space Administration.

USGS



Because the number of beryllium
producers is limited and the use of
substitute materials in specific
defense-related applications that are
vital to national security iIs
Inadequate, several studies have
categorized beryllium as a critical
and strategic material (National
Research Council, 2008, p. 170).



Beryllium Use in the U.5. — 2011 (based on sales revenues)

w Consumer Electronics &
Telecoms

® Defense

Industrial Components &
Commercial Aerospace

uOther®

Source: UISGS *Appliances, automaotive electronics, energy, medical devices and other

applications

USGS



Beryllium—Substitutions

Be Is used in applications in which Its
properties are crucial, so few substitutions
for many applications

Graphite

Steel

Titanium
Aluminum nitride
Phosphor bronze



Beryllium—~Production

Metric tons
USGS Minerals Yearbook 2017

Salient Statistics—United States: 2012 2013 2014 2015 2016°
Production, mine shipments 225 235 270 205 190
Imports for consumption 100 a7 68 66 51
Exports”® . 53 35 26 29 32
Government stockpile releases” (") 10 1 1 1
Consumption:
Apparent” 265 262 318 233 210
Reported, ore 220 250 280 220 200
Unit value, annual average, beryllium-copper master
alloy, dollars per pound contained !Jerylliumf' 204 208 215 220 231
Stocks, ore, consumer, yearend 15 20 15 25 25
Met import relian ce’ as a percentage
of apparent consumption 15 10 15 12 10

World Mine Production and Reserves:

Mine production® Reserves® Brazil shi pS beryl
2015 2016
United States 205 190 The United States has very litle beryl that can be to Utah
China 20 20 economically hand sorted from pegmatite deposits. .
Madagascar A 5 The Spor Mountain area in Utah, an epithermal Russ|ans Opened
Other countries 1 _1 deposit, contains a large berrandite resource,
World total (rounded) 230 220 which is being mined. Proven hertrandite
reserves in Utah total about 14,000 tons of contained MaIyShEVSky
berylium. Werld beryllium reserves are not available. emerald m | ne

https://minerals.usgs.gov/minerals/pubs/mcs/2017/mcs2017.pdf



Be consumption 2013
250 mt, $114 million

Be alloy

32% aerospace applications

20% consumer electronics
applications (computers)

14% automotive
electronics applications

12% energy applications

12% telecommunications
Infrastructure applications

8% appliance applications

2% defense and medical
applications

Be metal

e 52% defense and science
applications

e 26% industrial components
and commercial aerospace
applications

e 8% medical applications

o 7% telecommunications
Infrastructure applications

e 7% other
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Figure 1. U.S. mine shipments of beryllium ore (Be content) and consumption of beryllium for 2004
through 2014. Source: U.S. Geological Survey.

https://minerals.usgs.gov/minerals/pubs/commodity/beryllium/myb1-2014-beryl.pdf
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Figure 1. Trends in beryllium mine production from 1946 through 2015 illustrate the dominance of United States production since
the opening of the Spor Mountain, Utah, bertrandite mine in 1969. With the exception of Spor Mountain and Ermakovskoe, Russia,
beryllium production was derived from beryl mined from pegmatite deposits.

https://pubs.usgs.gov/fs/2016/3081/fs20163081.pdf



Mining Processing Manufacturing End use
Beryllium oxide: 5%

Beryl: 10%
Industrial components: 20%

Beryllium metal: 20%

Consumer electronics: 18%

Automotive electronics: 16%

Bertrandite: 90% Beryllium hydroxide: 100% Beryllium alloys: 75%

Defense: 11%

Telecommunications: 8%

Energy: 7%

Figure 2. Simplified flow diagram of the beryllium industry. Percentages are relative to the total beryllium flow
at each stage; flows between stages do not account for losses, changes in stocks, or recycling. End use category
labelled “Other” includes 2 percent used in medical applications (Materion Corporation, 2016).

https://pubs.usgs.gov/fs/2016/3081/fs20163081.pdf



Beryllium Market Structure

Brush Resources is currently the sole US producer of
beryllium concentrates.

Spor Mountain and Hogs Back mines produce
pertrandite.

Processing plant at Delta, UT produces beryllium
nydroxide from bertrandite and beryl for sale to
peryllium markets.

Can you afford to ship product to Delta, UT at the
price Brush will pay?

Will Delta accept your product?



‘Global Beryllium Demand to Reach
465 Metric Tons by 2015" Global

Industry Analysts, Inc. 2010

Growing Be supply/demand
Imbalance favors suppliers

Only three primary sources
globally (BW, Ulba, US gov't)

No spot market

Dramatic price rise (44%)
between 2006 and 2008 (up to
S500kg)

High price has prevented wider
use of Be

One source (US Govt, stockpile)
decreased availability 2008 / 2009

211 2012 2013 2014 201%
— Y L[ AL AN
i— | L — G AL — N SRR A

WORLD BERYLLIUM CONSUMPTION
[METRIC TONS)

Source: Beryllium - A Global Strategic
Business Report, Globol Industry

Anolysts, fnc



Supply/Demand

The uses for beryllium and thus the market are
expanding.

The Brush Resources operation has reserves sufficient
to meet its needs for many years to come.

Mine production is based on the amount of beryllium
hydroxide that can be sold and thus varies from year to
year.



B -
eryllium—Mineralogy

Beryl

o Ding mine
Ping Wu €1ty

4j Chuan Province

China

Fue Ba




Gemstones

e Gems known to ancient man

—Romans had emerald mines >2000 yrs ago In
Egypt
 Emerald (green)
o Aqguamarine (blue, gree)
* Chrysoberyl (golden beryl)=alexandrite
e Beryl
o (Goshenite (colorless)
« Helliodor (yellow)
« Morganite (pink, orange)




m Major gem-pegmatite districts of the world; the
numbers correspond to the districts In Tasie 2.

Geologic Province Map of the World, U. 5. Geological Survey
(http://earthquake.usgs.gov/research/structure/crust/maps.php)




Table 2. Comparison of some beryllium minerals

Mineral Chemical Composition % BeQ
E-urﬂi’re BabBe:5iO7 154-15.8
Bertrandite Ba 45207 (0OH)2 39.6-42.5
Beryl BazAlz[Si0s)s 10.0-14.0
Beryllonite MNaBePCy 19.8
Chrysoberyl BaalOy 16.59-19.7
Danalite Fa4Bes(5104)35 12.7-13.8
Eudid}fmire HMaBe5igOa 10.6-11.1
Helvite Mn4Bes[5i04)35 10.5-15.0
Herderite CaBePO4(OH,F) 15.0-15.8
Phenakite Bas5ity A4 .0-45.6
Adapted from Warner at al. 1959,



Name, Formula Colour Hardness  Specific Lustre Crystal form  Transparency  Fracture
gravity

Barylite colourless, 7 4 silky, greasy orthorhombic  transparent- brittle
BaBe 51,0_ white, yellow or vitreous or monoclinic  translucent
Bertrandite colourless, 6-7 2.6 vitreous to orthorhombic  transparent brittle
Be,51,0_(OH), white, pale pearly

yellow
Beryl white, pale- 7.5-8 2.6-2.9 VItreous trigonal transparent- uneven to
Be, ALSLO blue, green translucent conchoidal,

brittle

Chrysoberyl green, 8.5 3.5-3.8 VItreous orthorhombic  transparent- conchoidal to
BeAl O, yellow, red translucent uneven, brittle
Eudidymite colourless, 6-7 2.55 VILreous monoclinic transparent- brittle
MNaBe51,0_(OH] white, translucent

yellow, blue
Helvite brown, 5.5-6.5 3.2-34 vitreous to cubic transparent- conchoidal to
(Mn,Fe,Zn),Be 510 5 yellow, grey resinous translucent uneven, brittle
Phenalkate/ colourless, 7.5-8 2.9-3.0 VILreous trigonal transparent conchoidal,
Phenacite Be 510, white brittle

|
Table 1: Properties of some beryllium minerals.



SiOo

quartz

projected from

H>0 & F20 4

pyrophyllite
kaolinite

andalusite,
lopaz

phenakite,

bertrandite,
fhelvite grougp)

beryllite

bramellite, corundum,
behoite e diaspore
BeO chrysoberyl Al 203

Figure 1. Chemography of the principal solid phases in the BeOQ-AlL0:-510.-H,O(-F,0)
“BASH" system with the projected positions of helvite group and alkali Be silicates. Also
shown are generalized fields for some of the major types natural of occurrences (cf. Table
1. Fig. 4; see text for discussion).

Barton and Young
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TYPES OF BERYLLIUM
DEPOSITS

TABLE 5. Types of beryllum deposits (Beus. 1966: Barton and Young., 2002; Sabey.
2006). USGS Classification after Cox and Singer (1986). Ludington and Plumlee (2009).
and Foley et al. (2010).

Type of Be deposit USGS Classification Example
Pegmatites 13 Tanco, Canada
Volcanogenic Be (volcanic-hosted Volcanogenic Be deposits Spor Mountamn, Utah

replacement, volcanic-epithermal, Spor
Mountain Be-F-U deposits)

Carbonate-hosted replacement and skarn (Mo- 14a Ermakovskoe, Russia
W-Be, F-Be, Fe-Mn)
Alkaline 1gneous rocks (disseminations and 11 Strange Lake, Canada
veins in peralkaline rocks and fenites)
Granite/thyolites (topaz rhyolites) 25h Tavlor Creek, NM
Tin skarns 15c, 14b. 14¢ Lost Raver, Ak
Gre1sens Mo-W greisens, 15¢ Boomer, Colorado
Veins — Columbia black shale
Porphyry molybdenum (copper. tungsten) 16, 21a, 21b Questa, NM
Metamorphic (schist) ilc Regal Ridge, Yukon,
Canada

Placer (mostly beryl and babefphite) — _

Coal - -




Table 3. Significant beryllium deposits and resources

Deposit(s) Location Resource, fons BeQ Grade, % BeO Source
Volcanic rock-hosted
Spor Mountain Utah, United States 72,3157 071 This valume
Pegmatite
Yarious Marth Caroling, United States 122,800 0.05 Griffitts 1954
Yarious Brazil 42,000 0.04 Soja and Sobin 1984
Various, Black Hills South Dakota, United States 13,300 nat Runke, Mullen, and Cunninghum 1952
Tanco Canada 1,800 0.20 Cerny 1982
Hellroaring Craek Canada <1,000 0.0 Barton and Young 2002
Replacement and skam
McCullough Butte MNevada, United States 47,000 0.027 Barton and Young 2002
Sierra Blanca Texas, United States 11,300 2.0 Ancn. 1986
Ermakovskoa Russia =10,000 1.3 Barton and Young 2002
Lost River Alaska, United States =10,000 0.3-175 51::|in.=,|::n.|r:,r 1943
Iron Mountain Mew Mexico, United States <1,000 0207 Jahns 1944
Peralkaline rock-hosted
Strange Lake Canada 432,000 0.08 Richardson and Birkett 1994
llimaussag Greanland =20,000 nct Barton and Young 2002
Theor Lake Canada 13,300 076 Richardson and Birkett 1994
Saal Lake Canada &, 800 0.35-0.40 Richardson and Birkett 1994
Greisen
Agshatau Kazakhstan 16,000 0.03-0.07 Barton and Young 2002
Boomar Colorado, United Statas < 1,000 2.0-11.2 Huw|e§,f 1949
Wein
Gold Hill Utah, United States =5,000 0.5 Shawe 1964
Mount Wheeler Mevada, United States <1,000 075 Shawe 1964

* Remaining reserves 2004,
T na = not available.
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Be environments associated with metaluminous and weakly
peraluminous systems

Rz | ities & cooli
Be-erviched magma beryl in gas cav cooling

(Thoma= Range, UT) _EEIE (#ézh Wah, UT; Black Feange.
rg“ fJ_J' :ill" .I b o
- i A
L T T~
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It

i
Replacement Be. minemils in

b
(Spor Mouwntain, UT)

Replacement Be-minerals in
corbonabe

[Seerra Blarca, TX)

B gL t"Fe-n:h-:-ka'ns & replacements
o + porphyry-style Mol-W) (Iron
wo.  Mowntsin, NM; Oslo Graben,
veins (ML Antero, o , Morway] (Ermakoeka, Sibern
C0; Shesprock, LIT) = L L i E B
T S r - iGreksen Snl-Ta-Mb-Fn)

¥ R ;_-,:-'-_'-:,-.'_:_::.:_':Z_=_:j,- [oungar Crantes, Nigeria & Niger)

Miarditic pegmatites B
& gressen quartz

Riock Types Minesalization styles
E Rhryolite laves and pyroclastic Magmatic errichments (dispersed in mineroks or volcanic
b depeosits Jaxss)

) Subvolcanic mtnusions,
Al  domes, caldera struciures
E Granites, syenies, High-temperaiure (=300°C) vains, Indhvidual, shested &
porpityTy-style intrushnes stockwork:
Palroznic sedimentary sequences, Loss-lamparatune (300" C) welrs, moslty indhidual or
platiomm carbonates, shested

Miarofitic & pegmatitc zones [Blpine type clefls or pegma
tite=: in metsmorphic nocks

. Skams, typicaly F-rich with warioble &1-Fe-metal contents

|:| Carbonate replacement deposies, typically F-rch

A generalized cross-section
showing geologic setting for the
major types of Be deposits
associated with metaluminous and
weakly peraluminous magma
systems and the relationship of
volcanogenic Be deposits such as
Spor Mountain to other type of Be
deposits that are associated with
magmas of this general
composition. Modified from
Barton and Young (2002).



Volcanic-hosted replacement
deposits



Table 1.

Deposits and occurrences considered in developing the volcanogenic epithermal beryllium (Be) deposit model.

[Data summanzed pnmanly from Barton and Young (2002, thewr appendix A); Mt, mullion metnc tons; kT, kiloton; Ma, mmlhon years ago; ppm. parts

per million]
Deposit/ Age of co mpl_e x/ Brief description of occurrence and contained .
volcanic unit/ Primary data references
ocCUrrence - i Be ore
mineralization
Spor Mountain/ Middle Cenozoic/ Bertrandite in fiuorite-silica replacement of car- Griffitts, 1964; Shawe, 1966,
Utah, US A =21 Ma/=21 Ma bonate clasts in lithic tuff (7 Mt at 0.72% Be0), 1968; Lindsey and others, 1973;
and younger extensive Li-Zn-bearing K-feldspar and clay Lindsey, 1977; Ludwig and
alteration: overlyimng 6—7 Ma topaz rhyolites others, 1980; Burt and Sheridan
have red beryl 1981; Baker and others, 1998
Honey Comb Hills/ Middle Cenozoic Be in fluorite-silica replacements. stringers, vein-  Montova and others, 1964;
Utah, US A lets in fuff McAnulty and Levinson, 1962
Wah Wah Moun- Middle Cenozoic/ Topaz thyolite with late red beryl + kaolinite in Keith and others. 1994; Thompson
tains/Ttah, =23 Ma fractures with early Mn-Fe oxides; main gem and others. 1906
USA red beryl source
Apache Warm Middle Cenozoic/ Bertrandite in small quartz vemns and stringers in McLemore, 2010a.b and refer-
Springs/Socorro =28 Ma/=<28— fractures and disseminations in rhyolite and ences theremn; Shawe, 1966;
County, New =24 4 Ma, bracket- thyolite ash-flow tuff, intense acid-sulfate Hillard, 1969; Be Resources.
Mexico, US A ed by stratigraphy alterafion Inc. at http./"www.beresources.
com, accessed December 10.
2011
Amachile/ Middle Cenozoic/ Bertrandite-adularia-bearing fluorite replacement  Levinson, 1962; McAnulty and
Coalmila, =28 Ma (17 Mt at 0.1% BeO) others, 1963; Griffitts and
Mexico adjacent to alkaline rhyolite and nebeckite Cooley, 1978; Sumpkins, 1983

quartz syenite

USGS SIR-5070f



Sierra Blanca/
Texas, USA

Northermn Basin and
Range Province/
Oregon, Idaho,
Nevada, Utah,
and Califorma,
USA

Andean Altiplano/

Macusani, Pemu

Transbaikal/
eastern

Mongolia

Teg-Ula

Shixi’ Zhejiang,
South China

Brockman/Western
Anstralia

Middle Cenozoic/
36.2 Ma/coeval
with intrusion

Middle Cenozoic/
Miocene

Middle Cenozoic/

Miocene (4.2 Ma:

0.3 Ma)

Mesozoic

Mesozoic?

Paleoproterozoic/
1870 Ma

Fluorite-rich replacement bodies in limestone
adjacent to Li-Be-Zn-Rb-Y-Nb-REE-Th-rich
alkaline cryolite-bearing
rhyolites; 850 kT at 1.5% BeO as bertrandite,
phenakite (behoite, berborite, chrysoberyl);
minor grossularitic skarn; clays + analcime

Mainly western Utah Be belt; most occumrences in
volcanic rocks, but also skarn (helvite-beryl) and
gramte-hosted occurrences—dominant Be
producer; magmas up fo 80 ppm Be

Beryllum minerals apparently rare, but wide-
spread. Miocene rare-metal-enriched felsic
intrusive and volcanic centers, many with Sn-
Ag-(=B) ores, fluorite 1s relatively uncommon;
Macusani tuff

Many deposit types associated with maimnly Me-
sozoic granitoids ranging from peraluminous to
peralkaline; volcanic-hosted Be in Mongolia

Hypabyssal dikes of porphyritic sodic thyolite, al-
bifized and sercitized, high Be (as helvite, beryl.
bertrandite, and euclase) and Nb, Ta, Zr. F

Hydrothermally altered fluonite-bearing alkali
rhyolite with Nb-Zr-REE-Ta-Be ennchment
(4.3 Mt at 0.08% BeQ); predates orogenesis

USGS SIR-5070f

McAnulty and others, 1963; Price
and others, 1990; Rubin and
others, 1987, 1988, 1900;
Henry, 1992

Warner and others, 1959; Shawe.
1966; Lindsey, 1977; Burt and
Shendan, 1986; Congdon and
Nash 1991

Pichavant and others, 1988a b;
Lehmann and others. 1000;
Dietrich and others, 2000;
Noble and others, 1984

Kovalenko and Yarmolyuk 1995;
Eremenetsky and others, 2000;
Reyf and Ishkov, 2006; Lykhin
and others, 2010

Lin 1985

Ramsden and others, 1993; Tavlor
and others, 1905a b
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SPOR MOUNTAIN, UTAH




BRUSH WELLMAN BERYLLIUM PLANT

[showe an map)

This large industrial plant in the remote Sevier Desert of western Itah is one of the anly sources of
concentrated benlium in the world. The plant is a mill and finishing facility for berylliom, a high-strength,
lightweight metal used in military, aerospace, and medical industries. The ore for the plant comes from Brush
Wellman's mine, located in the Topaz-Spor Mountains, 50 miles west, which is Borth America's anly
developed source for the metal. The facility is located here due to the remoteness ofthe area, as benllium
dustis highly toxic, and the proximity of & large source of power: the Intermountain Power Project, a massive
coal-fired poveer plant located a few miles away.

Visitation: Located next ta the road, st the intersection of Highweay 6 and 174, 10 miles north of Deltta.
Coordinates: 39467606, -112.436913
General Location:  Ten miles M of Defta

State: Litah



TABLE 3. Production and reserves from the Spor Mountain mine owned by Brush Wellman
(metric tons Be content, McNeil. 2004: Brush Engineered Matenals. Inc.. 2004, 2008,

2009),

Year Bertrandite Grade | Proven bertrandite Grade | Probable bertrandite | Grade
processed tons % Be IESEIVES % Be TESEIVES % Be

Total 3.000.000 ~{.2 - - — -

1969-2009
2009 39.000 0.330 6.425.000 0.266 3.519.000 0.232
20038 64,000 0.321 6.454.000 0.266 3.519.000 0.232
2007 52.000 0.321 6.531.000 0.266 3.519.000 0.232
2006 48.000 0.352 6.550.000 0.267 3.519.000 0.232
2005 38,000 0.316 6.601.000 0.268 3.519.000 0.232
2004 39.000 0.248 6.640.000 0.268 3.519.000 0.232
2003 41.000 0.224 6.687.000 0.267 3.519.000 0.232
2002 40,000 0217 6.730.,000 0.267 3.519.000 0.232
2001 48,000 0.224 71.270.000 0.268 3.081.000 0.219
2000 a4.000 0.235 71.690.000 0.263 3.166.000 0.217
1999 93.000 0.215 — — — —
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west uf caldera
miargin
Rhyolite unit,
porphyritic
m Be tuff unit, vitnic
and lithic-rich

- Older volcanics

- Paleozoic rocks

,f"" Fault
@® Rhyolite vent
& Fluorspar pipe
®  Fluorspar vein
<» U deposit
[I]]]]]]]]II] Beryllium deposit,

surface projection
of bertrandite-

fluorite-silica
deposits in
Miocene lithic tuffs

Generalized geologic map of the Spor Mountain and Thomas Range area, Utah, showing the
locations and distribution of Be deposits and fluorite pipes. Modified from Lindsey, 2001.
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Miocene Spor Mountain Formation
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Spor Mountain—Cross section




Overlying Spor Mountain rhyolite caprock and underlying
Beryllium Tuff member. Photograph by Nora Foley,
USGS.



Closeup of the Beryllium Tuff member, Spor Mountain,
Utah. Photograph by Nora Foley, USGS.



Paragenesis Spor Mountain

Dolomite
Calcite
Chalcedony
Opal
Fluorite

Bertrandite

Mn-oxides

Time




Stage 1: Intrusion of magma

JCarhnnate

Stage 2a: Eruption of pyroclastics

Iflthic
ragmen%

| j/ (>as Cloud
as ? o, 5) Pyroclastics
;‘#;w_ . pafy v

"X ]| Aquifer

S\(Kf _ 7( /S/tagnan[ zone
s enriched in volatiles

Chilled and lithophile
Margin elements

Convecting
Lone

Stage 2b: Eruption of dome-flow complex

Rhyolite Dome

Stage 3: Mineralization rsulting from
near-surface convection

_Sn_ BeliU

A
U

General
model for
formation of
volcanogenic
deposits of U
and other
lithophile
elements,
Including
Be, as
proposed by
Burt and
Sheridan
(1981).
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Be at Spor Mountain has been mined

by Brush Wellman since about 1970,

Roadslide pit in 1970 (USGS OF 98-
524)



Monitor pit as it appeared in 1979,
also Brush-Wellman (USGS OF 98-
524)



Controls of mineralization

magma chemistry
favorable host rocks
structure

extension tectonics (F, U, Be, L1, alkaline
rocks)



tuff (USGS OF 98-524)

beryllium
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 First stage=rhyodacitic

and quartz latitic
composition, contain the
largest trace
concentrations of base
metals such as Pb, Zn, and
Cu

Middle stage=mostly
rhyolite, contain the
smallest concentrations of
all trace

Third stage=Alkali
rhyolite, post-caldera
stage, contains the largest
trace concentrations of
lithophile elements such as
Be, Li, thorium, and U
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MATRIX *  CLAST
1 ALTERATION | ALTERATION 3 a

caLome 5
. Be ore is concentrated in
T the upper part of the Be
tuff member, as typified
pocronae GHiorsL R by the Roadside ore
o 3 body (USGS OF 98-524)

L 100FT

<50 S0-100 1001000 > 1000
Be IN PPM




EXPLAMATION

2550 100 100150
Th N Fim
i d a

EHYOLITE

= BOLOMITE

= 100FT,

EXPLANATION

25-50 50-100 100-150 150-200

10-25
U I PP

.;-l-"'_f

Th follows

EXPLANATION

1025 7550 S0-100 100150 150-200

U 1N PFM

Be, but U
does not

» 4

2:3 34
Theu

100F



NUMBER OF
SAMPLES

NUMBER OF
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Summarizes analyses
of drill cuttings from
many mineralized
zones In the Be tuff
member (USGS OF
98-524)



Table 6. A model hydrothermal fluid composition for Spor Mountain.

[Modified based on thermodynamic estimates and other data from Woed (1992) and Murphy (1980)*. Mg/kg, mlligrams per kilogram;
ppb, parts per billion, ppm; parts per milhon; --, no umt]

Parameter Unit Fluid characteristic
Temperature =C 200-100%; (160140
pH - 4-6 (no alunite, K-feldspar alteration). near-neutral!
510, (aq) - Activity fixed by cristobalite
Ca ALK - Estimated by alteration assemblage of K-feldspar,

Ca-clinoptilolite, beidellite-Ca (montmorillonite), rare
sericite (muscovite)

HCO, mg'kg 100

C1 mg'kg 1,000

F =(0.01 molal’® or fixed by fluorite’
Mn mg'kg 1

Be mg’kg 1t; (500 ppb—5 ppm)

Saturated phases — Bertrandite, quartz, fluorite, pyrolusite




ROUND TOP MOUNTAIN,
SIERRABLANCA, TEXAS




@Illﬂlﬂl RARE EARTHS

Home Aboutlls  QurProjects  Rare Earth Elements  Investor Center  Mewsroom  Contact

Welcome to Texas Rare Earth Resources Recent News

Texas Rare Earth Resources Corp. (TRER) is a U.S.-based minerals company engaged in TR Y 2l
the exploration and developrment of critical rare earth elernents and in the pursuit of Texas Rare Earth Resources Engages

precious metals opportunities. Representative in Order to Explore
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Round Top

Round Top Measured + Indicated Mineral Resources

Metric Tonnage 359,150 kt

Element Symbol gpt COE:E{;:OH Egﬂ; :t Oxide kg U’gjﬂde
Lanthanum La 203 1173 La:0, 8,550,000 0.002%
Cerium Ce 81.0 1.171 Ce,0; 34,064,000 | 0.009%
Praseodymium Pr 104 147 Pr204 4 369,000 0.001%
Neodymium Nd 288 1166 Nd.O; 12,051,000 | 0.003%
Samarium Sm 105 1.16 Sm50; 4 391,000 0.001%
Total LREO’ | 63,425,000 | 0.018%
Europium Eu 0.20 1.158 Eu.0; 82,000 0.000%
Gadolinium Gd 106 1.153 Gd,0; 4,375,000 0.001%
Terbium Th 36 1.151 Thz0: 1,487,000 0.000%
Dysprosium Dy T 1.148 Dy-04 13,057,000 0.004%
Holmium Ho 80 1146 Ho,0; 3,307,000 0.001%
Erbium Er 328 1.143 Er.0; 13,464,000 | 0.004%
Thulium m 7.1 1.142 Tm20; 2,903,000 0.001%
Ytterbium Yb 56.5 1.139 Yb0s 23,114,000 | 0.006%
Lutetium Lu 89 1137 Luz0s 3,626,000 0.001%
Yitrium Y 2209 1.269 Y20, 100,660,000 | 0.028%
Total HREOs | 166,075,000 | 0.046%
Total REOs | 229,500,000 | 0.064%

e 44.6 ppm
or g/t U
content In
the Round
Top
rhyolites

e 298,000
tons of
1.9% Be
(historic
resource)



Ore Body - BeO Assay Values
0.1 0.77 5.95 3.7 0.21




ROUND TOP MOUNTAIN,
SIERRA BLANCA, TEXAS

Schematic cross section showing Be-fluorite deposition
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Modified from Standard Silver Corporation (2008)




Red Rhyolite containing Rare Earth Minerals, Round Top, North Side CLOSE x
Irmage 27 of 36



Mineralized Contact between Sedimentary Rock & Rhyolite, Round Top, North Side CLOSE x
Image 9 of 12




Be in Proterozoic pegmatites
Porphyry Mo deposits
Be in alkaling rocks (syenites)

Be in carbonate-hosted
replacement/skarn deposits

Be in Spor Mountain Be-F-1

{volecame-hosted or volcanic-
epithermal) deposits
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Mining Districts in New Mexico Containg Beryllium

Mining districts in New
Mexico that contain
beryllium (Be). More
details are in McLemore
(2010).



Apache Warm Springs deposit,
Socorro County, New Mexico



BE Resources Inc.

"continues to search for a suitable new project for
the Company and to review its options for its New
Mexico beryllium project which has been placed
on care and maintenance."
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FIGUERE 10. Fegional structure map of the Sierra Cuchillo-San Mateo area showing the
mining districts (blue) in the area (defined by McLemore, 2010a). Red line is boundary of
Alamosa basin. Major granific-rhyolite intrusions are shown in colored polygons and
discussed in text. Not all rhvolite intrusions in the San Mateo Mounfains are shown.
Black lines are faults from Osburn (1984), Harmison (1992), Jahns et al. (2008), Ferguson
etal (2007), and McLemore (2010a).
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Fault

Geologic map and cross
section of the Apache Warm
Springs beryllium deposit
and adjacent area (N section
6, T9S, R7TW).
Interpretations are by the
author from examination of
drill cuttings, using available
drill data (McLemore,
2010a), and surface

mapping.



Apache Warm Springs beryllium deposit (Be), as
delineated by P and E Mining Consultants, Inc. (2009)
as determined from trenching and drilling, looking
northeast (N section 6, T9S, R7W).
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Alteration map of the Apache Warm Springs berylllum
deposit. The western fault (between BE27 and BE 24) Is
Identified from drilling data (McLemore, 2010a).



Clay zone with red hematite-kaolinite and white
kaolinite surrounding the Apache Warm Springs
beryllium deposit (N section 6, T9S, R7W). A sample
collected from the site shown on the left contains
kaolinite, quartz, and hematite (Mont-35, McLemore,
2010a).




A sample collected from the white clay shown in the
photograph on the right contains quartz, kaolinite, illite,
smectite and mixed layered clays (Mont-61, McLemore,

2010a).




Silicified zone, looking southwest. The Apache Warm
Springs beryllium deposit is to the right (N section 6,
T9S, R7TW).




Porphyry molybdenum

(xtungsten) deposits and
Carbonate-hosted replacement and
skarn deposits



Victorio Mountains, New Mexico

Historical drilling

Victorio Mountains Main Ridge
Mo-WW deposit

Middle Hills

lrish Rose

View looking MW from Mine Hill toward Middle Hills and Mo-Vv deposit
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Victorio

Click on thumbnail to
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The YWictario Maolvbdenum-Tungsten Project is an advanced-stage exploration
property inwhich Galway Metals has an option to acguire 3 100% interest.
Significant activity at Victorio has been inactive since the early 1930's due to
depressed metal pricing. The property has favarahle infrastructure such as
access by paved road to within a fesy miles of the site, 3 nearby raibway and a
pgas pipeline. Wictario is located approximately 20 miles west of Deming, Meww
Mexico, in Luna County:

In 2003, Galway completed a 12-hole, 25 000 foot, phase 2 infill drilling
program. The purpose of the infill drilling program swas to upgrade the
resaurces with the next step being a pre-feasihility study. The first phase of
drilling included & holes totaling 13,000 feet. This project was acquired in
June 2006, and was worked on extensively by Gulf Minerals in the early
eighties as they drilled 165,000 feet.

The current Technical Repart on Victario's Resources by Dr. H. Peter
kKrnudsen and Feter H. Hahin dated Movember 15, 2012, was derived from
217,000 feet of drilling using an §8.00 Tungsten and $15.00 per pound
malyhdenum lang term price.

YWideo for the Wictorio
Froject
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Mines and prospects in the Victorio mining
district, Luna County.
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Simplified geologic

map of the Victorio
al Mountains (modified
from Kottlowski, 1960;
T o Thorman and Drewes,
1980; unpublished
mapping by Gulf
Resources, Inc.;
unpublished mapping
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Simplified cross section of the Victorio
Mountains (modified from company drill data
and unpublished mapping by K. Donahue and

V.T. McLemore). Some of the drill holes are
projected onto the cross section.
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Victorio Project
Drill Hole Location Map
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TABLE 9. Summary of all flmd inclusion results. Figure below illustrates the classification

used to identify the fluid inclusion type

rom Donahue, 2002).

Deposit Tvpe S1ze Bange | Thrange Th ave Salmty Sahmty
micron (1) degrees dezrees Fange adq. ave eq.
wi%e Nall wit'e
Na(Cl
Carbonate-hosted Ia, IIa, ITo, Ilc =2-13 109 - 330 213 0.8-193 88
replacement
Mine Hill siliceous Ia, IIa, ITb, Ilc 2-10 109 - 330 217 08-41 2.1
VEeIns
E109 non-oxidized Ia 2-5 151 - 257 209 102-193 129
Skarn Ia, Ik, I1a, IOb, III =2-40 171 - 360 242 002-256 6.6
Bamen gtz veins Ia, Ik, IIa, IIb =2-40) 199 - 340 278 3.1-1089 39
Porphyry Ia, Ib, IIa, IIb 2-10 179 - 325 235 20-11.2 6.1
T'-'pe Is Type Ib T!r'F'E Ia Type b T1.1:le Oc Type I
r'rf*""“'- I|-::|I..||-:?“ "-#(-'-'EP*;F:.I [ lig u|.:|> ~_liquid™ ™ -"f-l ui ._.E:-E%"“- .-“"-— I|-::|uu::|-\‘-,I
Q"™ & \@ ) (&0 QT
— _||L S

vapor liquid

liquid CO2

| vapor CO2

liquid CO2

vapor CO2  VAPGT co2

vapor

solid
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fluids, the majority of the Victorio samples fall on the boundary and just outside the




Mineral zonation In the Victorio Mountains

- - - -
mining district.
108°07' 108°04'
32°12'30" .
WM p ML to Gage (I-10) ”
= L ~ Ny
::.‘ T vy X prospect pits
E :' Wi \ @ shaft +
B 7 + adit
:/1 /20 21 approximate boundaries
wiI\a Ma . 7 i, [T of mineralized zones N
W N . Z g My
::/ s R]dge -7\\\ Iy /|\\ f////
= ‘ . 531+ =
En ] Co'pper - \\41 T \“\\ \
/ X s A
//,/ VBII’]\S\ Syt 0 \
. N v wil . _
Mld :\ /;I|\ 11, East I_!!I,IJS”
d/& ; % A 1
= Hf//s 4955 1y, -
.::" i\’\‘ Wity
: &2
AT 73 ER
30 AN, B 4 deposns [ :,28 s ?x 27
2 1IN 29 g > - !
‘ § = SRS
* AN \
{ x | K It'
x Mine Hill }
Porphyry Mo ‘ SV, |
— ‘::\\‘\ - \\\\ o \::\
S - !
N g{
|
. \
r 2L
32 s ENR!
A
31 !
| 34
Carbonate-hosted \
Pb-Zn replacement e, |
deposits }
' ez dufge
T12W T
32°10' R4S R
4




Victorio Resource Estimate using $151b molybdenum and $381b Tungsten

Comtained Metal (pounds)

Cutoff/
Category | Ton Tons Mo % | Tungsten % | Molybdenum Tungsten
Measured| $249 |37, 7378131 010 0.08 71,702,035 61890177
Indicated | $249 39,499 463 0.08 0.049 B4, 779119 72679012
M+l $25 (77,237,376 0.09 0.09 136,481,154) 134 569,189
Inferred T 2222321 007 114,288,903] 143,633,352

Measured 20,2745 366 47 444 3561 42 983776
Indicated | $35 [19,125184] 0.10 012 a4,397 87491 454517 4938

M+l $35 |39,400,550( 0.11 0.1 86,842,235 88,501,714
Inferred 35 [34,728)5500 010 0.11 BEE7S,816] 78486523

Also Be



Arizona

* Be along fractures in granite mined from Beryl
Hill and Live Oak mines in 1950s in the Dos

Cabezas Mountains
e Tungsten veins in Yuma and Graham Counties
o Pegmatites

— Kingman, Mohave County
— Bradshaw Mountains, Yavapai County
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GRADE-TONNAGE



= T T T I T T T I T T T I T T T I T T T TTT] T T TTTIT] T TTTTH
— - 8 h W, .'/"—'-3’_';, /// .
— % @, &, &, o, =
- “\_ Boomer,CO ™% "N < Y 7
L N N \ N N -
N “ . Errnakuuskﬂe,_ﬂussm
10 L— . \ . Sierra Blanca, TX l \: '—USt Hwer,ﬂ\K —
S T E Perga, Ukraine ™ 'ﬂ’ A B =
2 = ~, Ferga, li * Thor Lake, Canada Spor Mountain, UT -
— imaussaq, . _
= — ™  Seal Lake, Canada ™ ]
5 — " _ . Greenland op N . 7
o Apache Warm Springs, NM ™Il ’ LI ‘Tanr.n, Canada Strange
o — ) Iron Mountain, NM ™ N i Lake :
b o \Q \ N Aguachile, Mexico Canada SE-US. tin
.-5’ 0.1 — Vozneskoe Siberia, Russia Hellroaring Creek, AK m K 4 dh AN Spﬂdburi"e“e —
o - N N\ Brookman, Australia A 3
= — . rockman, Australia . —
c — N ._ Black Hills, SD . -
= — N "\ Victorio Mountains, NM o Atariic. @ Bute, N
ictorio Mountains, ,
- - N\ \ L@ [ shield, "4
o P s
= AN . . Brazil
o0 - . ~\ \ Agshatau, ™ L_
— \ ~ . Kazakhstan ™ =
= ™ R ™~ -
| \ ™, N, . 1
L . \ \ _
B N \ \ |
. . \ N
0.001 I N A T I N Y N T I I N1 A TR O NI N S A BN v A BN BN WA v R B W R AAL
0.0001 0.001 0.01 0.1 1.0 10 100

Deposittonnage, in million metric tons

Figure 3.

1,000

EXPLANATION
Deposit type
B Volcanogenic
A Pegmatite/granite

@ Carbonate-hosted
epithermal

/N Greisen

<> Skarn

g Peralkaline/alkaline,
general

Estimates of grade and tonnage for a variety of beryllium deposits, districts, and belts in the United States

and worldwide that have potential for minable beryllium resources. Diagonal lines show equal value of contained
metal in metric tons. Available data for deposits of these types are sparse; some deposit information was compiled
using incompletely documented past-production, reserve, and resource information. (For additional information, see

Trueman and Sabey [2014]; Foley and others [in press], and references therein.)

https://pubs.usgs.gov/fs/2016/3081/fs20163081.pdf



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 1onic 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 =H20,
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

— \olatiles separate as bubbles surrounded by normal liquid
magma and crystals can form from both



Types

o Acidic pegmatites or granitic pegmatites
o Syenitic pegmatites (Na rich with little quartz)

 Basic and ultrabasic (feldspar, olivine,
amphibole, biotite)



| @ Neoarchean
| @ MWescarchean

Figure 1.  World map showing the locations of LCT pegmatite deposits or districts, including smaller districts in the
United States. The symbols are color-coded by age. Giant deposits are represented by larger symbols.

USGS OF13-1008



Be in Proterozoic pegmatites
Porphyry Mo deposits
Be in alkaling rocks (syenites)

Be in carbonate-hosted
replacement/skarn deposits

Be in Spor Mountain Be-F-1

{volecame-hosted or volcanic-
epithermal) deposits

O O8 WO

1]
Cruces Basin

Petacal
£ 0jo Caliente No. 1
Picuris 7
—Mora
() Rociada

Elk Mt El Porvenir

Tecolote

Nambe r“ﬁi'
L/

East Gra nt?s Ridge

hloride

! Taylor Creeko

Cuchillo Negro (Iron M)

&  Pifios Altos H:IE%OW Ca
Mouptain Carpenter

% (Burro Mts -Macho
G#"-" g“'% “White Signal 5
[ Lordsburg = Victorio

[ = Apache No. 2

_Ojo Caliente No, 2
o San Mateo Mountains

2 Coyote Canyon

o Gallinas Mountains
pLuis Lopez

,::::g.a pitan

¢ Salinas Peak

ballo Mts.

Rincon

rgang

Hueco Mnunt'ains

7y La Cueva
Questa i%ﬁed River-Rio Hondo

B Cornudas Mountains

@ Laughlin Peak

S— |

) 0 375

b I L 1 1

]

75
|

150 Kilometers
| | i |

Mining Districts in New Mexico Containg Beryllium

Mining districts in New
Mexico that contain
beryllium (Be). More
details are in McLemore
(2010).



TABLE 4. Beryllimm production from Proterozoic pegmatites in New Mexico (Meeves et
al.. 1966). Additional production in 1963-1969 1s withheld. Additional production from Iron
Mountain in the Cuchillo Negro district. Santa Fe district, and Mora district 1s unknown.

County Year Beryl (pounds)
Rio Arriba 1951-1963 12,748
San Miquel 1951-1963 49.015

Taos 1951-1963 1.678.054
Harding_. Taos 1950-1959 1,696,600
TOTAL 1950-1963 1.739 817
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- = HOM Surlace

-
- ~
” ,";E S
P e . ——— Old vein weathered away and
Present Surlace v5° = residual gravels and clays now
ol Hill form the Eluvial Ceposit

ELUVIAL DEPOSIT (Secondary)
Found on the top of a hill, as the
hill eroded away, the altered
decomposed gem pocket &
sattled only vertically &
&,
v
PEGMATITE DIKE ———=
Cemstones still in place
("in situ™y in the surrounding

host rock These deposits exist in
vanous degraes of decomposition

COLLUVIAL DEPOSIT “spalls” (Secondary)

Decomposed dispersed gem pockets which have
moved both vertcal y and laterally down-siope as
hillside eroded away. These deposits may or may nol
still be associated with pnmary pegmabile.

ALLUVIAL DEPOSIT (Secondary)

Ligs in gravel on the valley Hloor and the
gemstones, n the ancent river bed, are
rounded from having been tlumbled

Minas Gerais, Brazil (Proctor, 1984)

Figure 4. Diagram of primary
(pegmatite dike) and
secondary (eluvial, colluvial,
and alluvial) deposits. All
three secondary deposits
have traveled some distance
from their original primary
pegmatite.




Table 1. Main characteristics of the first group Pegmatites [3].

Zone Mineralogy

Beryl pegmatite Quartz, K-feldspar, biotite, muscovite, tourmaline, albite, gamet, beryl, columbite-tantalite (Mb = Ta).

Quartz, E-feldspar, muscovite, Li - mica, albite, tourmaline gem quality (Figure 2), behierit, mica, beryl,

Beryl Spodumene Pegmatite spodumene. amblygonite, columbite-tantalite (Nb = Ta). cassiterite and the apatite.

Quartz, K-feldspar. muscovite, Li-mica. albite, Elbaite, Behierit, garnet, (blue and pink) bervl, spodumene.

Spodumene Pegmatite . : : ) : e . . :
P . amblygonite, columbite-tantalite (Nb < Ta), triphyllite, ferrisiklerite, heterosite, cassiterite and the apatite.

Table 2. Main characteristics of the second group [3].

Zone Mineralogy

Contact Quartz, biotite, E-feldspar, muscovite, albite, fluorite. garnet (almandine-spessartine)
Wall Graphics Quartz, E-feldspar. muscovite, bervl, apatite, monazite (Ce). columbite-tantalite
Intermediary zone E-Feldspar, Muscovite, Quartz.

core Quartz

Amazonite, beryl (constmuction or pink), cleavelandite (albite), apatite, phosphates (25 minerals). fluorite,
columbite-tantalite ({Fe, Mn) Nb20j). evxenite (Y) (Y. Ca. Ce, U, Th) (Nb, Ta, T1),05). Topaz. samarskite
((Fe, Y, U, REE) (Nb, Ta)0s), autunite ((Ca (U0;):(POy4);) Microlite ({Ca, Na);Ta;05 (0, OH, F)),
Wulfenite (PbMo04). bismuthinite (Bi2S3), huttonite (Th5104) and Kerala ((Ca. Ce, Th) (P, S1)0s)

Metasomatic Zone

Bilal et al. (2012)
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A systematic compositional trend seems to suggest a petrogenetic
link between the pegmatites of the region.

Bilal et al. (2012)
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Figure 8. Compilation of the P-T-t Neoproterozoic granites of the Minas Gerais [2.5]. The pre-tectonic granites (595 My) are
exhumed during a main deformation phase D1 (590 - 565 My) corresponding to a collisional event. The sin-tectonic and the
P-Li-Be bearing pegmatites have an age of 582My. The late and post-tectonic granitoids and the 2nd pegmatites group (337 —
520 My) are contemporaneous with the second phase of deformation D2 that corresponds to extensional movements. The
post-tectonic granitoids were emplaced in the upper crust, 511 to 500 My.

Bilal et al. (2012)



Figure 5. Heavy machinery is often required for hard-rock mining in Brazil, At the Golconda tourmaline

mine, bulldozers are used to move the overburden and waste from the mine entrance.

Minas Gerais, Brazil (Proctor, 1984)




Class Subclass Type Subtype Family
Abyssal HREE NYF
LREE
u NYF
EBe LCT
Muscovite
Muscovite— REE
rare element NYF
Li LCT
Rare element REE allanite-micnazite
Buxenite HNYF
gadolinite
Li beryl beryl—columbite
beryl—columbite—phosphate
complex spodumens
petalite
lepidolite LCT
elbaite
amblygonite
albite—spodumens
albite
Miarofitic REE topaz—beryl
gadolinite—fergusonite NYF
Li beryHopaz
spodumene
petalite LCT
lepidolite

The pegmatite classification scheme of Cermny and

Ercit {2005}, modified to show the correlation
between pegmatite classes and families. NYF = niobium—yttrium-
fluorine family (green); LCT = lithium—cesium—tantalum
family (yellow); HREE = heavy rare earth elements; L

earth el=ments

= light rare



graphic
plagioclase
-Quartz

intermediate

e _ondon

criented

COMe margin microcline d
bery

Kontak
' pUre gquartz
_-— (2012)
intermediate g muscowvite
ZONEes
graphic
plagioclase-
quartz
layered aplite garnet
skeletal
wall zone K-feldspar
border zone granitic

m Textural and zonal attributes of pegmatites. The
image shows a complete section of a pegmatite dike,
about 28 cm thick, located near Palomar Mountain, 5an Diego
County, California (U5SA).



Complex Li-Cs-Ta-Sn rich
Be-Nb rich

Barren to Be rich
Source granite

Regional fault

m |dealized zoned pegmatite field around a source
granite. The maximum distance of pegmatites from
the source granite is on the order of kilometers or, at most, tens
of kilometers. Mooirien From Cerny (1989)



Stages

e Magmatic
— Precipitation of feldspar and quartz, followed by other
minerals

— Formation of aqueous fluids

e Hydrothermal

— Fluids ascend from the magma (decrease temperature,
pressure)

— Boliling
— \Volatiles enter vapor phase
— Metals precipitate



Zoning

e Unzoned or simple (quartz, feldspar, mica)

o Zoned or complex
— Core (massive quartz, spodumene)
— Intermediate (giant feldspar)

— Wall (graphic texture, beryl, quartz, feldspar, mica,
tourmalene)

— Border (albite)



Beryl
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Core zone

71| Core margin—Ilarge crystals of
tourmaline, beryl, or spodumeana

Intermediate zone(s)

Albite zone

Wall zone

Border zone

Figure 2. Deposit-scale zoning patterns in an idealized pegmatite, redrafted from Fetherston (2004) and Cerny
(1991).



Porphyritic monzogranite

Hanging-wall aplite (albite-nch £ biotite) (gray-blue)
Perthite—quartz micrographic intergrowth (green)
Coarse graphic perthite—quarlz (light gray)

core mangin  wall zone

Quartz crystals (gray) and beryl crystal (orange)

Core-zone miarclitic cavity

Elbaite tourmaline crystals projecting into cavity
(black with gray terminations)

E Hydrothermal clay filling (bottom of cavity)

Schorl and quarz intergrowths (black and gray)

Petalite crystals (yellow) and pollucite crystals (rounded yellow)
,51 Albite (blue) and lepidolite (purple)
E Sekaninaite (brown)

Perthite—quartz micrographic intergrowth (green)

wal zona

Footwall aplite (albite-rich + biotite) (gray-blue)

Footwall contact

Parphyritic monzogranite
m Idealized Elba pegmatite. Deawing &y FEDeRIco PezzoTTa

Simmons et al., 2012



Class

Abyssal

Muscowila

Rare-

gl

Miarglitic

MNofes

* Sea Table 4 for explanalion;

Family®

NYF

NYTF

Table 2

Typlcal Minor
Elements

U ThZrNb,TiY,
REE.Mao

poor (to moderata)
mingralizatian

Li.Be Y.REE,Ti,
U, Th, N> Ta

poor {to moderate)*”

minaralizatian,
micas and caramic
minerals

Li,Rb.Cs Ba Ga,sn,
Hi Nb2Ta,B,PF
poor to abundani
manEralization,
gemsiock: industrial
minerals

Y REE, Ti.L), Th Zr,
Mb=Ta.F;

poor fo abundant
rminerafization;
CEFEMIC minerals

Be, ¥ REE,Ti,U,Th,
ZrMb=TaF,
poar mineratization;

Qemsiock

The four classes of granitic pegmatites.

Metamorphic
Environment

{upper amphibolite
to) low- fo high-2
granukle facies,
4.9 ko, ~T00-800°C

high-P, Barrcnian
amphibolite facies
(kyanite-silllmanita);
~5-8 kb, -650-580°C

lew-P, Abukuma
armphibalite (1o
upper greenschist)
facies (andalysite-
silimanite); ~2-4 ki,
-550-500°C

variable

shallow o sub-
volcanic; ~1-2 kb

Felation to
Granites

mone
(segragalions
of anatectic
laucomom)

nome
{anatectic
bodies) o
marginal and
extarior

{intarar to
marginal to)
exterior

interior to
rmarginal

interior o
marginal

Structural
Fratures

conformable

Lo mobilized

cross-culling
WEINS

quask
conlormable
D cross-

cuiting

QuskL1=
conformable
to cross-
cutting

imferior pods,
conformable
o Cross-
cuiting
exteron
bodies

intaricr pods
and cross-
culting dykes

between the muscovile and rare-element classes proper

Examples

Fae and Hearne Prowinces,
Sask, (Tremblay, 1978 Aldan
and Anakbar Shelds, Sibaria
(Bushev and Koplus, THEQ):
Eastern Ballic Shield (Kalia,
To65]

White Sea region, USSR
{Gorlow, 1975); Appalachian
Province {Jahns et al.| 1952);
Ragahstan, India (Shmakin,
1976)

Yellowdonife fiedtd, MNWT
(Meintzer, 19087). Black Hls,
Soulh Dakota (Shearer ef al.,
1987); Cat Lake-‘\Winnipeg River
field, Manitoba {Cerny of ai,,
1981)

Liano Co., Texas [Landeés,
1932); South Platte distnct,
Colorado (Simmons et &l
1987); Western Keivy, Kala,
USSR (Beus, 1860)

Pikes Peak, Colorado (Foord,
1982); Idaho (Boggs. 1986):
Korosten pluton, Ukraine
(Lararenko ef al, 1973)

** Some Sowviel authors distinguish a rare-slement-muscovite class. in all respects inlermediate




Pegmatite Classes

Abyssol uscovite-Beryl Beryl-Columbite
~a Beryl-Columbite-Phosphate
Muscowit Beryl

LC Complex
= Spodumene
Granfic / glpbqiicﬁmene Petalite

Rare-E Albite Lepidolite

Mixad Ambhygonite

YFT ornblende
Rare-Eart

Miaroliti Allanite-Monazite

RAp KAV] s P ara-E arth- Gadolinite

(Cerny 1992)




Table 21-2. Productionfreserves of selected Canadian and foreign pegmalite deposits,

Deposit

Productionireserves

L

Canadian depasits

Tanco mine, Manitcba

a) 1.8 ME 0.216% Ta,0,
b) 6.6 ML 2.78% LLD
{in spodimena + paiaiie)
) 0.3 M 23.3% Cs0
di 08 Mt 0.20% BeQ

Resanves (Crouse et al, 1584)

Preissec-Lacome anea, Quabse

18 ME; 1.25% L0

Production plus resenes from the (formaes) Ouebac
Lithium property (Flanagan, 1978)

FI M=t Y allewnknibe distict, NAYCT.

12,5 M 1.19% LLO

“identified paramargingl resources® (Lasmanis,
1378)

Thar (Echa), Yellowknile dizirict, N.W.T.

B4 MY 1.5% U0

“identifiod paramarging! resourcas” (Lasmanis,
1078)

Viglel, Herb Lake area, Manlloba

BB ME 1.2% Li0

Reserves (Willlams and Treeman, 1578)

|

Nama Creek, Gaorgla Lake area, Onlario A.5ME 1.06% LD | Rasarves, Morth and South zones (Pye, 1965)
Lac la Crolx, Ontara 1.4 ME 1.3% L0 |l Resarvas [Muligan, 1965)
Madawaska mine, (lormery Faraday mine), &5 ME 0.09% 1,0, Production 1357-1964 and 1976-1382 (Carer and

Bancrcil disirict, Ontaria

Colvine, 1985)

f
= S —mm—— —

Farsign deposits

Tirrspeoumena Bel, Norh Careina

a) 26 Mt 1.5% U,0

by 30.5 MA; 1.5% LD

Measured and indicaled reserves, Kings Mountain,
Foole Mineral Co. (Kunasz, 1882)

Resanes, Bessamar City, Lithlum Corporation of
Amarica (Company news releass, 1976)

Bikita, Tmbatrve

10.8 ME; 3.0% LLO

Feseres (Weaganer, 1981)

Kamativi, Zimbabwa

100 ME 0.114% 5n, 0.603% LL,O

“Maximum inferrable resarvas of a single
pegmalite” (Beflasis and van der Heyde, 1962)

Ui, Hamibia

87 ME; 0.134% En

Minaable plus possible reserves (Mining Mapgazina,
Movember, 1983, p. 201)

Graenbushes, Ausiralia

&) 28 M 0.114% S0, 0.043%
Ta Oy, 0.031% NbyDy

b] 33.5 Mt 2.55% L,

Undergrownd resenvas (Knight and Wallace, 1982)

Froven and probable resaras

{Knight, 18EE)

Manono-Kiololo, Zalra

35 ME 1.3% U0

Reservas proved by systematic exploration (Evans,
1978}

Minas Gerals and Ceara states, Brazl

106 ML 0.04% BeQ

Estimaled in siu cre (Soja and Sabin, 1386]

Sinclair, 1996



TYPE 21

Increasing albitization,
valatile enrichment,
complexity of zoning,
extent of replacement

G3C

Figure 21-4, Schematic representaion of the regional zonation of pegmatites (red) arcund a granite inbrusion
(modified from Trueman and Cemy, 1982).




Table 21-2. Production/reserves of selected Canzadian and foreign pegmatite deposits.

Deposit

Production/reserves

Comments/references

Canadian deposils

Tanco mine, Manitoba

a) 1.9 Mt 0.216% Ta,0,
b) 6.6 Mt; 2.76% Li,O
(in spodumene + petalile)
¢) 0.3 Mt; 23.3% Cs,0
d) 0.8 Mt; 0.20% BeO

Reserves (Crouse et al., 1984)

Minas Gerals and Ceara states, Brazil

106 Mt; 0.04% EeQ

Estimaled in situ ore (Soja and Sabin, 1986) J

Sinclair, 1996
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Harding Mine, New Mexico

Discovered 1910

Lepidolite mining 1919-1930

— 12,000 tons of lepidolite-
spodumene ore, averaging
3.5% LiO

Microlite 1942-1947

— 12,000 tons of lepidolite-
spodumene ore, averaging
3.5% LIO.

Beryl 1950-1959

— 12,000 tons of lepidolite-
spodumene ore, averaging
3.5% LIO.
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Harding mine, New Mexico

F.’ g

,-?""

=0 "?‘*’

E
A -¢“" 5 & ,
Sort:mg beryl-trom left to nght: Art Montgomery, Faudio Griego, & E
Archuleta, Juan Romero, Eliseo Geigo and Pable Eende. (Laura Gilpm,
155%)

"Dumping" a small car-load of beryl ore down the chute to sorting platform. (Laura
Gilpin, 1953)

|Dn]]mg deep underground m bery stope. (Laura Gilpin, 1953}




Harding Mine

BIOTITE + MUSCOVITE + QUARTZ + GARNET =+
MARGARITE + SCHORL

QUARTZ + ALBITE + MUSCOVITE = PERTHITE
QUARTZ £ ALBITE £ MUSCOVITE
QUARTZ + LATH SPODUMENE

MICROCLINE + SPODUMENE + LEPIDOLITE +
ALBITE + MUSCOVITE + QUARTZ

CLEAVELANDITE + ROSE MUSCOVITE £ QUARTZ
CLEAVELANDITE + QUARTZ £ MUSCOVITE
BLOCKY PERTHITE £+ QUARTZ = ALBITE

QUARTZ + APLITIC ALBITE £ MUSCOVITE



Be in Coal In NM

00

250 4
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FIGURE 32. Beryllium analyses in coal samples (Hoffman, 1991).
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Materion Brush Resources Inc. of the
USA, wholly-owned subsidiary of
Materion Corporation, is the only
known fully-integrated beryllium

company In world

Mines Utah to plant in Delta, Utah to form Be
hydroxide

Elmore plant, Ohio produces beryllium metal and
alloys

Lorain plant, Ohio produces ceramic grade powder

Reading plant, Pennsylvania produces produces strip
and wire products



Other companies

« NGK Metals Corp, part of NGK Insulators of
Japan

« NGK Metals Corporation, Starmet and
Advanced Industries International in USA

« Ulba Metallurgical Plant (UMP) In Kazakhstan



Beryllium—~Processing

Similar to Al, therefore It Is not simple to
separate

maintain careful control over the quantity of
beryllium dust and fumes in the workplace

Mined, crushed, melted, solidified, treated with
sulfuric acid to form a sulfate

Be sulfate undergoes a series of chemical
extraction steps resulting in pure Be hydroxide



Sludge

-..—
Driscard

Beryl Bartrantine
} !
; Wash Water Crushing and
Crushing Thickening et Gri?luding
! !
Melting Wet Screening
Fritti Sulfuric Acid —— : :
ritting Steam Acid Leaching
L - L - Sludge Discard
Heat Treatment Bl Leach Solution Thlck:anlng —
1‘ 5D|':'e Raftinate Discarel
— rit o
Grining Exiraction Converted
J‘ ! i Cinganic
) L Mipped | Acid
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- lr_ Baren
Beryllium Carbanate I r? il Filtrette
T
Deionized Water ——=|  Repulping
Sheam ———=|  B-Hydrobysis
; lium Hydrosil :
Procluct Beryllium Hydrooide e Barren
Drumming Filtraticn Filtrete

Courtesy of Brush Resourcas Inc.

Figure 1. Beryllium hydroxide production from bertrandite and

beryl

Processing



Beryllium—Health risks

e Toxic metal

— Chronic beryllium disease, or CBD, is an
Inflammation in the lungs

e Radioactive



ASSIGNMENT

NEXT WEEK (Feb 13, 20) no class, REE Feb 27,
March 6

Castor, S.B., 2008, The Mountain Pass rare-earth carbonatite and
associated ultrapotassic rocks, California: The Canadian
Mineralogist, v. 46, p. 779-806,
http://canmin.geoscienceworld.org/content/46/4/779.full.pdf+html?s
1d=180ae325-acd5-4226-9a02-175f7a865el7

Long, K.R., van Gosen, B.S., Foley, N.K. and Cordier, D., 2010,
The principle rare earth elements deposits of the United States—A
summary of domestic deposits and a global perspective: U.S.
Geological Survey, Scientific Investigations Report 2010-5220, 104
p., http://pubs.usgs.gov/sir/2010/5220/ (accessed 5/1/12).

Mariano and Mariano, 2012, Rare earth mining and exploration in
North America: Elements, v. 8, 369-376,
http://elements.geoscienceworld.org/content/8/5/369.full.pdf+html?s
1d=605ebd04-9070-4994-9bce-b1cdd/79f349d
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