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Rare earth elements (REE)
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Rare earth elements (REEs) include the 15 lanthanides from
lanthanum (La) to lutetium (Lu) with atomic numbers of 57-71,
7' accompanied by chemically similar yttrium (Y).
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Nd: Neodymium; Dy: Dysprosium; Eu: Europium; Y: Yttrium; Th: Terbium; Li: Lithium; Te: Tellurium;
Ni: Nickel; Ce: Cerium; Co: Cobalt; Ga: Gallium; In: Indium; La: Lanthanum; Mn: Manganese;

Pr: Praseodymium; Sm: Samarium

U.S. Department of Energy, 2011
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REEs use and resources
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World Total
115,820,000t*

Reserve data

@ China
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.
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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.
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After mine production,
rare earths must be refined and
separated into their individual
metals for their particular uses.
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Canadian REE projects .
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Bloomberg

DNI Metals - Signs LOI to further develop its
Vanadium / Polymetallic Alberta Black Shales
deposit

December 18, 2018, 5:39 AM MST

Buckton - Polymettalic Deposit - Alberta Canada
\DNI E'I'ALS INC

\, o ‘:' 4 i¢ J .
Albérta Black Shale:Metals Projects
- = Zn - Cu'= Co -Li = REE.~Sc —Th ~(Ag, Au)
ion; Albertaf €snfidal - 1,200 sq km - DNI'100¢ 2 -

Sep 2014

- T'PEA'Deposit+-2 Giant.Bullk Mining Targets
I S T PEX Level Deposital Infarred Resources1 e:MineriBized Zond
Buckton Deposit 4.5 billion-fonnes PEA Mineable Resource.
+ Bickton South Zone 497 million tannes Maiden Inferréd resource
> + AsphaltZone Mineralization 125-15% million-tons =+ 5

http://www.dnimetals.com/proiects-Z
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Canadian Phanerozoic black shales REE content
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Canadian Phanerozoic black shales REE content
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Rare Earth Elements of Permian through Cretaceous strata
of the Sverdrup Basin

S.E. Grasby and J. Galloway

2021

Rare Earth Element (REE) content of shale, coal and coal
byproducts, and potential for Canadian REE supply — A

literature review and initial assessment

O.H. Ardakani, K. Biggart, K. Dewing

2022

Ore Geology Reviews 107 (2019) 600614
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A Middle Devonian basin-scale precious metal enrichment

event across northern Yukon (Canada)
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Platinum, Pd, Mo, Au and Re deportment in hyper-enriched black shale Ni- | )

Zn-Mo-PGE mineralization, Peel River, Yukon, Canada
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Classification of shales - outlook for REY composition

REY are divided into critical (Nd, Eu, Tb, Dy, Er, and Y), uncritical (La, Pr, Sm, and Gd) and excessive (Ce, Ho, Tm, Yb, and Lu) groups.

Importance to clean energy
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Nd: Neodymium; Dy: Dysprosium; Eu: Europium; Y: Yttrium; Tb: Terbium; Li: Lithium; Te: Tellurium;

Ni: Nickel; Ce
Pr: Praseos dym
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Seredin & Dai (2012) International Journal of Coal Geology 94 67-93
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Classification of shales - outlook for REY composition
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Classification of shales

ZREE (ppm)

0 1000 2000 3000 4000

5000

— .
|
l- UCC = 146.4 ppm
|
|

Oligocene

Eocene

Paleocene

Kanguk

Garbutt

Gordondale

163.7 + 84.0 ppm; n = 57

119.1 £ 64.0 ppm; n =134

o L] @® 150.24 + 307 ppm; n = 286
20163  2676.2 4073.9
poig  20%° 248.8 + 385.6 ppm; n = 26
Montney 115.9 £ 24.4 ppm; n =111
Bakken (US) @ 188.3 +339.2 ppm; n =35
21324
Besa River 124.4 £79.1 ppm; n = 80
2o3s Middle Duvernay 113.7 £ 22.9 ppm; n = 221
419.2 Prids
427.4
a4
443.4
m Utica Shale 92.3 +27.4 ppm; n=311
458.4
470 |
485.4 |
Furongian |
497
509 |
521 |
|
541 I . ! : : : f
0 1000 2000 3000 4000 5000
ZREE (ppm)
| Daafl | Canada Canada

Percent of Critical REY in REY total

Percent of Critical REY in REY total )

80

70

60

Utica REY Classification

S

6.00

0+ t t t t t
0.00 1.00 2.00 3.00 4.00 5.00
Outlook Coefficient (Cyiy)

Montney REY Classification
80
70 +
60 T
50 T
40 +
30 +

-7

1
20 1 i

i

!

./ Unpromisin
10 ; p g
r
I
0+ f f f } }
0.00 1.00 2.00 3.00 4.00 5.00 6.00
Outlook Coefficient (Cyyy)

Percent of Critical REY in REY total

Percent of Critical REY in REY total

Duvernay REY Classification

80

70 T

60 T+

a0 1

30 T

10 +

’ Unpromising

Percent of Critical REY in REYtotal

2.00 3.00 4.00 5.00
Outlook Coefficient (Cyiy)

Garbutt REY Classification

6.00

80

70 T

60 +

a0 4

30 +

10 +

Percent of Critical REY in REY total

2.00 3.00 4.00 5.00
Outlook Coefficient (Cyyy)

Besa River REY Classification

80
70 T =T
-~ ,l
60 T ’ .
\\ . t,/
50 L ___#%; - & Highly Promising
[
)
40 T
. Promising
30 +
20 T !
I
!
10 4+ . Unpromising
!
0+ t t t t t
0.00 1.00 2.00 3.00 4.00 5.00 6.00
Qutlook Coefficient (Cyyy)
Kanguk REY Classification
80
I
0+ t t t t t
0.00 1.00 2.00 3.00 4.00 5.00 6.00
Outlook Coefficient (Cyuy)

- ¥ Canadi



REY content of phosphatic shales = o MiddeTriassicDoig ...
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REY content of phosphatic shales

UCC ZREY = 168.4 ppm
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Sequential extraction scheme used for speciation of metals

13

The sample was sequentially leached in three steps following the modified BCR (European Communities Bureau of Reference)
extraction scheme used for operational speciation of metals.

Davranche et al. (2011) Chemical Geology 284 127-137

Step Soil phases Extractant Shaking time and temperature
F1 Water- and acid-soluble and exchangeable 40 mL 0.11 M CH;COOH 16 h at room temperature
F2 Reducible 40 mL 0.5 M NH,OH.HCI (pH 2) 16 h at room temperature
F3 Oxidizable 10 mL 8.8 M H,0,(pH 2) 1 h at room temperature
10 mL 8.8 M H,0,(pH 2) 1hat85°C
50 mL 1 M NH4Oac (pH 2) 16 h at room temperature
F4 Residual

15 mL aqua regia
10 mL aqua regia

Heating to dryness

Bai et al. (2011) J Fuel Chem Technol, 39 (7) 489-494

s

Process  Fraction Extraction solution Operation condition
I Exchangeable fraction MgCl (1 mol/L pH=7) Shake for 4 h at room temperature
II Carbonate bound fraction CH3;COONa (1 mol/L pH=5) Shake for 5 h at room temperature
III Ferromanganese oxyhydroxides bound CH;COOH (25% 0.04 mol/L HONH;Cl) Shake for 5 h at 90°C
fraction
IV Sulfide bound fraction HNO3(2 mol/L) Shake for 6 h at 90°C
A% Organic matter bound fraction

Aluminosilicate bound fraction

HNO; (0.02 mol/L)+H,0; (30%)
CH:COONH. (3.2 mol/L 20%HNO;)

Shake for 2 h at 90°C.,

Shake for 1 h at room temperature ™|

1nada

Wet digestion
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REY speciation variations
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Depth (m)

REY speciation variations ;
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17

Summary

* The mean 2REY of the major Canadian organic-rich source rocks are close or greater than
mean UCC ZREY, however, the range if variation throughout the unit is large.
* The highest ZREY are associated with phosphatic intervals.

* REYs are mostly associated with silicate and clay phases, organic matter and sulfidic
minerals are the second dominant hosts for REYs in black shales.

* Variation of REY speciation throughout the black shale intervals would be the major
challenge for economic recovery of element.

* The initial results of this study suggest black shales can be considered a viable alternative
source for critical REY's.
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