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Critical minerals support the global economy

Future technologies require increased supply

Energy 50 64 Healthcare 58
49 ; . —|Nd Gd |— R Ce
In gene ratio n.,,.g Neodymium Gadolinium . ~ Cerium
Indium Thin-film solar PV \ 66 63 65
31 __|Dy Eu Thb
G a Dysprosium Europium Terbium
3jallium 71 . 39
S 4@ Offshore direct Lu — Y
. e 3 drive wind Lutetium & . Yttrium
elenium . — p H i
turbine PET/CT diagnostic _
Bhoto credi US DOE 32 Imaglng Photo credit: GE Healthcare
Defense and — | Ge Transportation
75 natlon\al security S 3 5
R.e — 31 Li C
Rhenium _ \}‘_‘_‘h‘_ﬁ ‘ § S G a Lithium Carbon
| Gallium | 27 28N .
|
U.S. Air Force F-35A 33 gbg Nickel
Lightning Il Joint Strike AS
Fighter Gen. lll Ground Panoramic Arsen -
Photo credit: Master Sgt. John R. Nimmo, Sr. Night Vision Goggles [senic gESCed. Telsa, Inc.

Photgo credit: L3 Technologies, Inc. EleCtrIC and hybrld VethleS



Like many developed countries, the United States is highly import

reliant for a large and growing number of mineral commodities

2019 U.S. net import reliance

Commodity Major import sources (2015-181"
ARSENIC (al forms) [China, Morocen, Belgium

ASBESTOS Brazi, Russia

CESIIM Canada

FLUORSPAR Mexico, Vietnam, South Africa, China
GALLIUM (Ghina, Urited Kingdom, Gesmany, Ukraine
GRAPHITE (natwal) China, Mexico, Canada, india

KDL China, Camada, Republic of Korea, Taiwan
MANGANESE [South Aftica, Gaban, Australia, Geagia

MICA, shest [ratural)

NEPHELINE SYENITE

RIOBILM {ookambium)

RARE EARTHS' |compounds and metal)

China, Brazil
Carada

Beigium, Austia

Brari, Canada, Russia, Germany
China, Estania, Japan, Malaysia

Growing U.S. net import reliance

2019 58

RUBIDILIM Canada

SCANDILM Eurcpe, China, Japan, Russia
STRONTIUM Mexico, Gemany, China

TANTALUM Rwanda, Brazil, Ausialia, Conge (Kinshasa)
YTTRILM (Ghina, Estania, Repubic of Korea, Japan
GEMSTONES India, Israel, Belgium, South Africa
BISMUTH China, Beigium, Mexico, Republic of Korea
TELLUIRILIM Canada, China, Germany

WVAMNADIUM |Awstria, Canada, Russia, Republic of Korea
TITANILM MINERAL COMCENTRATES South Aftica, Australia, Canada, Moazambique
POTASH Canada, Russia, Belarus, israsi

DUAMOMD (industrial siomes ) india, South Africa, Botswana, Australia
BARITE China, india, Marooco, Mesico

ZINC {refined) Canada, Mexico, Australia, Pens

TITANILM [zponge)
ANTIMONY (metal and coide)
RHENILIM

Japan, Kazskhstan, Ukraine, China, Russia
China, Thaiand, Beigium, Incia
Chile, Germany, Kazakhstan, Ganada 1 984

Ghina, Brazil, taly, Turkey

46

STONE {dimensian)
CoBMT

TN (redined)

ABRASIVES, fused Al cxide {crude]

BALIITE

CHROMILIM

PEAT

SILVER

GARMET (incustrial)

PLATINUM

ALLIMINA

MAGMESIUM COMPOUNDS

ABRASIVES, silicon carbide (crude)

GERMANILM

IODINE

IRON OXIDE PIGMENTS {natural and synthatic)

TUMGSTEN

CHAMOMD (inclustrial cust, grit, and powder]

CADMILIM

MAGNESILM METAL

MICKEL

SILICOM (metal and ferrosiicon)

MICA, sorap and fake (natural)
~imed)

>90% import reliant for
23 critical minerals

Norway, Japan, China, Carada
indonesia, Mataysia, Peru, Bolvia

China, Hong

Keng, France, Canaca

sclanca for achanging world
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Slide courtesy of Nedal Nassar, USGS National Minerals Information Center



USGS Earth Mapping Resources Initiative (Earth MRI)

Topography— 3D elevation lidar data Mineral deposits

» Established in 2019 under Executive Order 13817 and
\ ‘ Secretarial Order 3359 to address the shortfall in the critical
et o V. minerals supply needed for National defense and economic

Geology— USGS and State geological survey maps =
security.

BT
\

Ry AT * Goal: Improve our knowledge of the geologic framework of
“"""Vsi“—”’”’ag"‘*"'“"’ i i ‘ (LAY the United States in areas permissive for hosting
"' L B undiscovered critical mineral resources.
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» Partnership between the USGS, State Geological Surveys,
and the private sector to generate state-of-the-art surface
geologic maps, geophysical surveys, and elevation (lidar)
data in areas with critical mineral potential.

Natural hazards

« Multiple stakeholders and applications that include energy,
groundwater, natural hazards, and other vital geoscience
issues.
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Role of Geoscience Data in Upstream Part of Critical Mineral Supply Chain

5,000-10,000
prospects

IDEAS PROSPECTS RESOURCES ORE
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Research Target Target Resource Resource Feasibility
(data generation) generation drilling evaluation definition studies/permitting

Mine

Time

Exploration to Mine »

(5-10 years)

Earth MRI geoscience data role in the upstream critical minerals supply chain:
Flatten the time curve from ideas to new commodities for the economy

2USGS



Project Phase by Critical Mineral

List of 35 Critical Minerals Currently Drives the Process

Need national-scale maps showing
where critical minerals may occur to
drive funding decisions.

Phase 1: Rare earth elements.

Phase 2: Primary and co-product critical
mineral commodities for which new
geologic information will impact discovery
and production.

Phase 3: Co-products and by-product
commodities for which new geologic
information will impact discovery and
production.

Remaining mineral commodities are
primarily by-products from mining of other
commodities. Their recovery is largely
dependent on the economics of recovery
and market forces.

2USGS

Phase 1

Rare earth element
group

Phase 2

Aluminum

Cobalt

Graphite (natural)

Lithium

Niobium

Platinum group

elements

Rare earth element
group

Tantalum

Tin

Titanium

Tungsten

Phase 3
Antimony
Barite
Beryllium
Chromium
Fluorspar
Hafnium
Helium
Magnesium
Manganese
Potash
Uranium
Vanadium
Zirconium

Phase 4
Arsenic
Bismuth
Cesium
Gallium
Germanium
Indium
Rhenium
Rubidium
Scandium
Strontium
Tellurium



Mineral Systems Framework

Mineral system: family of ore deposit types genetically linked in time, space, and shared tectonic processes
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Mineral Systems Approach

Example: Porphyry Copper-Molybdenum-Gold System

Mineral system: family of ore deposit types genetically linked in time, space, and shared tectonic processes

lithocap

1 km

l Vein

Zn-Cu-Pb- }
Ag+Au i
Porphry Cu";"
+AutMo

"of] Te In PGE Re *f~
- Greisen|

| W-Sn +Be +Li|

......

High-sulfidation dissem.

< T Sulfidation
LT AUAg

Carbonate

JIK = ¢ Cu-Au skarn

W skarn

Zn-Pb-Ag +Au +Cu

replacement

Distal-
dissem.
Au-As
+Sh +Hg

System Debosit tvpe Principal Critical
Name P yp commodities commodities

Greisen Mo, W, Sn W, Sn
S-R-V tungsten W W, Bi, Mn, Sc
Porphyry/skarn Mo, W, Sh W, Re, Bi
molybdenum
Porphyry/skarn copper/Cu, Au, Ag, Mo (F'ZSEE,BiTe’ R, L, €
Skarn iron Fe, Cu Ge
Skarn magnesite Mg Mg

Porphyry R-V manganese Mn Mn, Co

Cu-Mo-Au [Polymetallic sulfide S- |Cu, Zn, Cd, Pb, Ag, [Mn, Ge, Ga, In, Bi,
R-V-IS Au Sb, As, W, Te
letal disseminated Ag, Au Sb. As
silver-gold
ngh sulfidation gold- Cu, Ag, Au As, Sb, Te, Bi, Sn,
silver Ga
Intermediate
sulfidation antimony 81, I Sl
Lithocap alunite Al, KoSO4 (potash) Al, KoSOy4, Ga
Lithocap kaolinite Kaolin Ga




Example: Significant Lithium Deposits in the Conterminous US

120° 100° 80°

Important Mineral
Systems for Lithium

« Basin brine pathway
« Lacustrine evaporite

* Porphyry Tin (granite-
related): includes lithium-
bearing pegmatite deposits

30

Source: Dicken and Hammarstrom,
2020, USGS data release,

https://doi.org/10.5066/P95COSLR Mineral System

[ Basin brine path > :
I Lacustrine evaporite J Pt
"1 Porphyry Sn (granite-related)

- « Lithium deposit >15,000 resource and (or) past production
aUSGS 1 -



https://doi.org/10.5066/P95CO8LR

Deposit Model for Lacustrine Evaporite Lithium Deposits

Potential sources of lithium in brine

Lithium delivered 1. Older bedrock

in windblown dust 2. Primary magmatic or hydrothermal fluids
3. Volcanic ash
4. Loess

5. Exhumed basin deposits (recycled lithium)

Lithium in airfall tuffs 6. Regional groundwater flow

from nearby volcano

Lithiu .

m delj :

fr VEred >
M connectey Ibnass%unon

Lithium sequesteredarqund
hot springs in clays

Modified from Bradley and others, ND
2017: U.S. Geological Survey "
Professional Paper 1802, p. K1-K21,
https://doi.org/10.3133/pp1802K

3 Lithium delivered
SCALE in magmatic
fluids
7

d
Mechanisms for concentrating lithium in brines dvzf:m
Evaporation of water from brines ng"oﬁ
. ) : : - :
Hydrothermal fluids react with aquifer and liberate lithium ot EXPLANATION

Mechanisms for removing lithium from brine pool

Brine spills out of basin [ Neogene volcano

Brine leaks out from bottom of basin [ Salal_' .

Lithium minerals crystallized from saturated brine [_] Proximal alluvial fan

Lithium clays crystallize from hydrothermal fluids [ Other modern basin fill

Lithium brines are trapped in fluid inclusions in halite [ Older basin fill, now exhumed
E_ [ ] Bedrock, undifferentiated
a2 USGS

== Fault



Example: Geoscience Data Acquisition
for Western Nevada (GeoDAWN)

Background

* Region is known to host gold, copper, and many critical mineral
resources. Lithium mining is ongoing in project area.

 DOE Geothermal Technologies Office play-fairways-analysis
identified region as having potential for geothermal energy
resources

Goal

» Collect high resolution airborne magnetic, radiometric, and lidar
data to inform understanding of regional geology, natural
resources, and geologic hazards

Details

» Multi-agency partnership includes: USGS, DOE GTO, BLM, NRCS,
FEMA, and Nevada Bureau of Mines and Geology

”Iﬁt)pyng ht:(c) 2014, Esri

« Lidar data collection complete. Target October 2022 release

* Flying of geophysical survey to beginning Fall 2021

Land Manager Land Manager (cont.)
| Tribal lands State Fish and Wildlife
Bureau of Land Management [l State Park and Recreation
[l National Park Service State (all classes)

,’/ USGS US Fish and Wildlife Service Federal (all classes)
s Dept of Defense
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Example: Geoscience Data Acquisition

Lidar only —__ |

for Western Nevada (GeoDAWN)

Background
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Region is known to host gold, copper, and many critical mineral
resources. Lithium mining is ongoing in project area.

DOE Geothermal Technologies Office play-fairways-analysis

identified region as having potential for geothermal energy
resources

Goal

Airborne magnetic and
radiometric surveys + lidar |
a

L3
GeoDAWN Project Area

-38°

Collect high resolution airborne magnetic, radiometric, and lidar

data to inform understanding of regional geology, natural
resources, and geologic hazards

Details
» Multi-agency partnership includes: USGS, DOE GTO, BLM, NRCS,
FEMA, and Nevada Bureau of Mines and Geology
 Lidar data collection complete. Target October 2022 release e
. . . . ZJS'_'_"%WWE@:WS
Flying of geophysical survey to beginning Fall 2021 Land Manager Land Manager cont)
Tribal lands State Fish and Wildlife
Bureau of Land Management [l State Park and Recreation
- I National Park Service State (all classes)
2 USGS

US Fish and Wildlife Service

Federal (all classes)
Dept of Defense



Unconventional Mineral Resources: Mine Wastes

Reclaiming mine sites offers co-benefits for remediation and critical
mineral recovery.

USGS and partners are planning a national mine waste inventory

1 2

H He
o8 Share of element’s primary S ! : ? "

Li | Be A . B C N o F | Ne

soyam production obtained as a S| o | e | oo | mens | e

11 12 13 14 16 17 18
Na | Mg byproduct Al | Si S | Cl|Ar
Soium Magnasiom - si Chiorine Argon
19 20 35 36

K | Ca Br | Kr
37 38 53 54
Rb | Sk I | Xe
55 56 85 86
Cs [Ba At | Rn
87 88 117 118

Fr | Ra Ts | Og
Lanthanide

series .
Actinide 89 91 92 93 94 95 96 97 98 99 100 101 102 103
series Ac Pa | U Np | Pu |Am Cm | Bk | Cf | Es |Fm | Md | No | Lr
Nassar et al., 2015, By-product metals are technologically essential but have % of metal’s global primary production obtained as companion
problematic supply, Science Advances 1 (3), €1400180 T —

2USGS

New USMIN geospatial database of current
and historical mining locations. Yellow dots
are mine features captured from historical
USGS topographic maps. (A collaboration
with BLM and State geological surveys)

Horton, J.D., and San Juan, C.A., 2021, Prospect- and Mine-
Related Features from U.S. Geological Survey 7.5- and 15-
Minute Topographic Quadrangle Maps of the United States (ver.
6.0, April 2021): U.S. Geological Survey data release,
https://doi.org/10.5066/F78W3CHG.



All Earth MRI data at https://

®) Earth MRI Acquisitions Viewer

Source: E Y g F
Metadata & Data Services:

) All Geology Geophysics @ Lidar Geochemistry

Showing /3 projects on screen.

Adams County Mesozoic Basin, Pennsylvania

Geological Survey | Geologic
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Big Sandy Valley, Arizona
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plete: In Progress

Blue Ridge area, Maryland
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Blue Ridge area, Maryland
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https://usgs.gov/earthmri

Questions?
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