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Outline

 Focus on Rare Earth Elements (REE) as an
example

* Th and REE global distribution
* Tools for in situ analysis
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Rare Earth Elements

H PERIODIC TABLE OF THE ELEMENTS
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Importance of Rare Earth Elements
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WHERE IN THE WORLD ARE ALL

THE RARE EARTHS?

Rare earth elements (REEs) are a group of 17 elements whose
importance is critical in high technology. Their use has exploded as
electronics and renewable technologies increasingly have become
part of everyone's daily lives.

< Other Countries 310,000t

- Australia 4,100,000t

© South Africa 790,000t
@ Tanzania 890,000t

£ Greenland 1,500.000t

Rare earths are abundant in the Earth’s crust but mineable concentrations
are less common, making reserves potential very valuable and strategic.

*The USGS tracked the world's reserves in tons (imperial).

World Total
115,820,000t*

Reserve data

44,000,000t

China tops the list for reserves
and mine production.

While the U.S. has 1.5 million tons
in reserves, it still depends on China
for refined rare earths.

WHERE ARE

THE WORLD'S
RARE EARTH

@ Russia
12,000,000t

(#) Canada 830,000t
£ 1.5, 1,500,000t

@ Brazil
21,000,000t

After mine production,

rare earths must be refined and
separated into their individual
metals for their particular uses.

Uses:

® © ©

Magnets  Lights  Screens Glass Catalysts Batteries

Source: USGS Mineral Commodity Summaries, Rare Earths

ELEMENTS

elements.visualcapitalist.com

RESERVES?

Africa Asia Oceania Other

©Vietnam
22,000,000t

Vietnam and Brazil have the second

and third most reserves, their mine

production is among the lowest with
only 1,000 tons per year each.

2 India
6,900,000t

30,000t

Mine Production 2020 17,000t
8,000t
100t 500t 1,000t 1,000t 2,000t 2700t J.U_[](]t

Steel

The Earth's natural resources power our
everyday lives. VC Elements breaks down
the building blocks of the universe.

We live in a

World total reserves:
115,820,000 Tons



Dirty Business

Optimistic Note:

Mining REE on the Moon could
not involve water, so other
extraction techniques would
need to be developed.

Tech transfer to Earth mining??
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Th correlates with REE

Lunar Soils and Non-Cumulate

Rocks
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Lunar Prospector Measured Global
Abundance of Thorium

Lunar Prospector, 1998-1999
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Global Distribution of Thorium from
Orbital Gamma-Ray Spectroscop

1 2 4 6 81012

PKT = Procellarum KREEP Terrane FHT = Feldspathic Highlands Terrane SPAT = South Pole Aitken Terrane




Fun Facts:
« 40% of Moon’s total Th is in crust in the PKT
e 9% is in the mantle below the PKT

2 4 6 81012




PKT is the Product of Fractional
Crystallization of the Lunar Magma Ocean

Quenched crust Anorthosite crust
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Olivine-
Low-Ca Pyroxene
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metallic core metallic core

® Olivine

m Pyroxene
REE in remaining magma increases with crystallization. O Plagioclase
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Important Bulk Planet Information
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The low concentrations
of K and other alkali
metals in the Moon
implies that REE are
not associated with
alkaline magmatism
as on Earth.

For reference: K/Th in bulk Earth is 3000
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Choose a place with high Th, land there,
and explore using an array of instruments

Need:
« Mineralogy (ID and abundance)
* Bulk chemical composition
* Major elements
* Trace elements
« Textural and physical properties
of the regolith (and rocks)

B Portion of Lunar Orbiter photograph 111-133-H2
of the region north of the Apollo 14 landing site.
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Mineralogy
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Terrestrial spin off modeled after CheMin
instrument on Curiosity rover on Mars.
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X-Ray Fluorescence (XRF)

* New instrument in prototype stage

* Modeling and previous experience indicates it
will be possible to determine concentrations of
these elements (at least):

* Major and minor elements

* Probably: Na, Mg

« Certainly: Al, Si, P, K, Ca, Ti, Cr, Mn, Fe
* Trace elements

* Probably: Eu, Gd, Dy, Er, Th

« Certainly: Zr, La, Ce, Nd, Sm, Yb, Lu



X-Ray Fluorescence (XRF) Example
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an area, stopping to determine Zr

concentration at numerous (100s) of spots,

allowing us to map the Zr distribution.
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X-Ray micro-CT (XCT)

* New instrument in prototype stage

* Non-destructive high-resolution three-
dimensional imaging technique. Characterizes:
* [nternal features of multiphase materials

* Phase variability and grain size distribution of
porous granular materials

* Provides physical linkage to:
» Mineralogy determined by XRD

* Information about rock fragments
* |[nsight into geotechnical properties



X-Ray micro-CT: Analog Example
Crushed Terrestrial Dacite Lava

limenite Amphibole

= Imenite

Amphibole

=H_u_l

Romy Hanna, University of Texas

METRIC XCT Prototype  Zeiss Versa 620 lab instrument ~ Grain size distribution
from XCT data
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Prospecting for REE

* Get a lot of data for the Moon (mineralogy,
chemical composition, physical properties...)

« Data needs to be at a wide range of scales:
global from orbit (100 to 1 km resolution) to
robotic (maybe human) surveys at promising
locations (meters to submeter resolution)

* Do extensive research on the origins of
potential ore deposits to understand petrologic
and geochemical processes on the Moon
(leads to advances in fundamental science
aided by resource exploration).
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Exploring and using resources deepens our understanding of basic science.
Jeff Taylor: Lunar Prospecting for REE



