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Developing
data, models &
tools to predict
occurrence of
unconventional
REE/CM
resources
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« Defined URC method using current state * URC pilot test in PRB subregion * Testing of PRB basin-scale, proof-of-concept
of knowledge * Collaboration with UWY on USGS coal core assessment
* Compiled and shared publicly 16+ GB published in IPCC showing vertical * URC Tool Development (beta tool)
national dataset for method R&D distribution of REE’s in coal lithofacies . Additional cores & data from Ramaco
* Eoord||r\1lat|tci1n’&/v1th _USGSCColaéAssessment « CRADA with Ramaco Carbon signed and Carbon, USGS, WVGES; initiated discussions
lf\?vrcb or merican Loal Lompany, two fresh PRB coal cores sent to NETL for about Central App Basin cores
study

Publish method concept, Publish basin-scale case studies, tool

enhance URC method analytics dev., enhance analytics
| | | | || | | | >

Published concept paper (TRS) on URC Validated and submitted results from PRB
method and knowledge review basin-scale, POC assessment

* Enhanced fuzzy logic for improved fidelity Further refine and validate method in
of PE Score results geologically complex setting (Central App)

* New functionality to evaluate impact of Incorporate machine-learning
individual datasets on URC output approaches in assessment method

* Added gridded confidence map outputs Publish publicly a GUI tool for
to indicate highest prospectivity areas implementing URC assessment
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Where things started... TLJiscxiior

Research Objective R
Develop an assessment methodology for systematically 'ﬁ.@,,

'{ -“"-l

predicting Unconventional Rare-earth and Critical mineral l'
(URC) occurrences in sedimentary strata ...

e |s based off known mechanisms that result in accumulation of REE/CMs in
sedimentary strata

e Can be used to identify areas with higher REE/CM prospectivity

e Can be used to constrain whether REE/CM concentrations and volumes suggest

viability of commercial extraction

e

.F,“% U.S. DEPARTMENT OF

.9/ ENERGY




Accelerating access to domestic REE & CM
resources from unconventional sources

NATIONAL

Mineral resources come
from geologic media...

" Finding the ™,
{ “needles” in the
' proverbial ;

geological

. “haystack”

Economic deposits
are not random...

NETL is developing the URC method to identify domestic
deposits and unlock the economic REE/CM supply from

Systematic*, geologic- unconventional systems
7’
driven methods improve

predictability...

¥ 1tapproach § §  Using a big-

For prediction :
o : 8 for assessing § data, ML
and ID of high ; ;
. . . . - REE/CMs in : enabled
To unlock domestic REE & CM potential, requires concentration ]

unconventional : geoscience

i icti deposits |
data & knowledge informed predictions P sediments A  approach

] ‘3 U.8. DEPARTMERINIE hole” metric for oil/gas wells went from 40%
$ 1960s to about 10% in 2010 — EIA
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https://www.eia.gov/workingpapers/pdf/drilling_efficiency.pdf

Common Mechanisms
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| Elements

L velcanicasifall T

i. deposition of
heavy mineral

sands (placers) iv. leachin g. of

volcanic ash by
groundwater

ii. alteration of volcanic
ash deposited in
swamps (tonsteins)

— ""f'- e - ':,.,.. - -
m — vi, accumulation within

5005 b

L

e —— . marine phosphates
& peatlang £inl T
h_._.___‘_‘_‘_
' ——]
N=]er
i TLsiass
€\ T i C C. G. et al. (2021). Towards a Geo-Data Science Method for Assessing Rare Earth and Critical Mineral O
: g reason, C. G. et al. . lowaras a Geo-bata Science etno Oor ASSessing hare car an rItiCa Inera ccurrences
JENERGY

in Coal and Other Sedimentary Systems. DOI: 10.2172/1809028



Linking Together Geologic Processes & Data = [ENERGY
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100’s of published studies

URC Assessment Method: Key Concepts

Flow of meteorie.fluids

presence of sulfidé Geologic Primary Enrichment: Secondary Enrichment:

minerals/reduced sulfur P Direct deposite of REE-bearing minerals into mire/wetland Meteoric or hydrothermal fluid enrichment of clay and/or coal
rocesses

) Bedrock Volcanic ash Bedrock Sedimentary
REE 5 :
SOURCES :
Sedimentary : ‘
deposit

+

Fluid mixing, mineral
leaching/precipitation/adsorption,
\ low/neutralizing pH, low salinity

'REE sources: alkaline volcanic
ash, carbonatites, FeO-Cu-Au
deposits, metamorphic,
egmatites, peralkaline igneous
tons, placer deposits, porphyry
lybdenum, laterites, phosphate Fault/fracture

Flow of acidic, reduced
hydrothermal fluids

Leaching REEs
i from minerals
L v

R E E/C M ACCUMULATION Volcanic ashfall Fluvial fransport of
PROCESSES proximal to mire REE detrital minerals
Assessment

. Transport of REE-enriched
thhology Structure fluid to coal system
DREEPES;?S Deposition Adsorption Precipitation
of CMs of CMs of CMs

Required Component weeenn Pogsible Components (non-unique path)

Creason, C. G., Montross, S. N., Justman, D., Mark-Moser, M., Thomas, R., Bean, A.,
Rose, K. 2021. Towards A Geo-Data Science Method for Assessing Rare Earth
Elements and Critical Mineral Occurrences in Coal and Other Sedimentary Systems;
, . DOE/NETL-2021/2653; NETL Technical Report Series; U.S. Department of Energy,
100’s spatial datasets National Energy Technology Laboratory: Albany, OR, 2021; p 32. DOI:

6.5+ million records 10.2172/1809028
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Legend
Peralkaline igneous Alkaline volcanic _"E0
plutons T ash ——> Required component
i Contemporaneous *Fo, FI
accumulation of Possible component (only
Mire/wetland must - peat | | | > ;
: Eo one component required)
Carbonatites . be downwind of  rcc- e
: volcanism Component counted
H ® regardless of data
Pegmatites H availabilit
L ' Mire/wetland must REE-rich volcanic £, y
: be downstream of ” +»d——>  ashfall proximal ----: x Component non-testable
FeO-Cu-Au volcanism to mire :
deposits E :
! A4 Deposition of
Porphyry : Source of b= : REE-bearing
Molybdenum e REE-bearing ok minerals during
! minerals : peat
: A accumulation
Matamopiic ; : Mire/wetland must
L Bedrock (ore) REE E be located in same g Fluvial transport of = =9
> deposit 2 paleo-drainage REE-rich detrital
: basin as REE minerals
et source
ratiorm -
phosphate residual -« y3= SedlmentarIy piE 7 |
deposit deposit Mire/wetland must | .., =
be located
: downstream of
, i REE source
Placer deposit T Burial of peat and *Eo, FI
: conversion into
Soil deposit
(Iaterite)
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Case Study: Powder River Basin

Basin Selection Criteria:
v’ Relatively simple geologic history

v" Abundant data publicly available
v’ Partnerships may offer additional data access

250 500 50 1

70+ spatial datasets
6.5+ million records

# of overlapping datasets
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Step 1: Paleo-drainage configuration

of PRB during Paleocene
Postulate
° Secondary Alteration
spatiotemporal g o,
domains Gaochamicl

Depositional
history

Ashfall isopachs
Sediment

Identify distinct NS ogy | Svstrmne
domains based on
shared geologic
attributes

Structural provinces
Fault zones

Secondary
Alteration

VLOMvA HINOS

5 & HARTVILLE

A S Ok
5

VHSVEAN |

TREND ANALYSIS
& ——
. | AN

-~

/ i |
(_LARAMIE MOUNTjAIN;\\wa
% ‘ X

Lithology Structure .
Seeland 1993 (USGS Bulletin 1917-Q)

Rose et al., 2020
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Data Availability for
Powder River Basin

Step 2:
Inventory
knowledge-data

Primary
A) Eolian B) Fluvial

Assess limitations of
data availability for a
particular enrichment

Data Availability
Secondary - Meteoric <10%
C) Adsorption D) Precipitation ‘;g;
0%, <40%
<50%

mechanism o
oo
| ): minimum number of components 7% | e
(datasets) for mechanism m oo
Secondary - Hydrothermal A
( ): proportion of geologic components E) Adsorption ) Precipitation  S—smm xm
with data available for mechanism m
. YDay,

(1)
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com po ne nt Component
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representation
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l High
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Justman et al., 2020 Rose et al., 2020
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Primary

Maximum b)  Eolian ¢) Fluvial

)

Step 3: — ,\
Calculate PE

Score using
fuzzy logic

Secondary - Meteoric
d) Adsorption e) Precipitation

T

PE Score

. R
Combine Data Supporting, unstructured (Ds,,,): 1 A |
. . arithmetic combination of geologic components Secondary - Hydrothermal
representations INtO  ith evidence for mechanism m ) Adsorption @) Precipitation
Lol ratl
Ds
PE score maps Ds,, = YDSm,c )
Component
representation Data Supporting, structured (Ds,,,):
Weight fuzzy combination of geologic components with
evidence of mechanism m Potential Enrichment Score (PE,):
= map of URC resource prospectivity that can
- tow DSm - Dsm,c ' (3) be compared across enrichment mechanisms

NERGY
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e Combination of PE score and _
normalized log of summed REE max(LaCeY,) — min(log(LaCeY,))

Spatial concentrations
integratiOn Of * Variable Grid Method™ to Primary

e Lo qualify PE Scores with measured SIS b) Eolian ) Fluvial
prEd ictions and concentration data '

* Grid area/height scales inversely

Observations with confidence score

S te p 4: Confidence Score (C,;,): log(LaCeY) - min (log(LaCer))>

o
o
o
o

Secondary - Meteoric
d) Adsorption e) Precipitation

i i
5 &, 5 &,
B B
- B,
High: 1 EE(R, EEL
& &

o o

PE Score

Secondary - Hydrothermal

PE Score- Maximum ) 4 = Low:0 f) Adsorption g) Precipitation

1 Confidence
M

E] a a «

~ [] el
Lower «+— Higher & LG v

- 0 e j’// N m. E:‘m.

- N N E— Km . e

0 50 100 ‘ VARIABLE e

Y :
———r——km ‘L 11_
0 50100 200

Basemap sources: Esri, HERE, Garmin, SafeGraph, FAO, METI/NASA, USGS, Bureau of Land Management, EPA, NPS, Esri, CGIAR, USGS

GRID d
METHOD
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ENERGY ‘ 52‘55‘5&0@ Creason et al., in review. A Geo-Data Science Method for Assessing Unconventional Rare-
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Second Case Study, URC Tool, and External Partnerships y

Case Study Il:
cenfrsa? Apupa‘{achia GUI Assessment Tool

Structural Domains

* Testing in geologically complex Central
Appalachian Basin

PE Score * Formulating new approach for identifying

geospatial domains of secondary alteration

* Validating method based on CoalQual
data, REE coal core data (Uwyo, WVGES)

e Coordinating with external partners
A M * Access to additional samples and data for
Secondary | Y & - Central App (WVGES, Kentucky Geological
Alteration Domains | JEREREF— k™ g Survey, USGS, Ramaco Carbon)
: * Knowledge of local geology in Central App

* Developing GUI assessment tool
* Guide end-user implementation of data
collation, grid construction, and calculation
of PE Score
* Accessible documentation and source code

.7, Cumulative

A Gumu g VARIABLE

SUBSURFACE % ‘ GRID

TREND ANALYSIS Impact L
k T ==/

y ) Layers METHOD

=, U.S. DEPARTMENT OF N: E\lﬁ\E‘I’kO‘_J#AL
ENERGY | [TTiiibes -
LABORATCRY




Quantifying REE occurrence and zones of enrichment

from core to seam/mine scale = |ENERGY
TECHNOLOGY
LABORATORY

Upscaling of core analysis results to evaluate spatial occurrence

*  Developed & completed a systematic analysis (following methods outlined in Montross et
al., 2022) of multiple rock cores

*  Demonstrated advanced use of XRF for more rapid REE quant.

* |dentified distinct zones of REE enrichment in coal and non-coal bearing sedimentary

1{1

strata | SR
*  Upscaling using lithogeochemical logs and stratigraphic correlation to constrain spatial ’éUSGmS
(x,y,z) distribution of REE in coal seams and demonstrate continuity of resource at the #*RAMACO
mine scale
*  Usedin PRB URC assessment validation 1. Core collection 3. Discrete subsampling

and field descriptions and microanalysis

® 2019
® 2020-2021

2. Core logging
and data collection

Documented geologic variability, including a thick
ore horizon with REE/CM 500 to over 2700 ppm

@ @ Core locations

Brook Mine permit boundary
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Summary

URC Assessment Method: h B 5 EEn O EE
e Evaluates REE enrichment potential and predominant REE phase 2 :
* |dentifies key data gaps that hinder REE exploration and fﬂ?“ &Fﬁj%
qguantification B mm; u:m;
Lessons: o QB . g M
 Data availability is critically important to successful assessment N- = _D_ * 5 5
* Need for geologically constrained validation data Firs| - e ;B i ;25
« Need additional data and information for key enrichment processes it : o, o,
[
Key Takeaways: H : B i o reckieton
e URC Method is multi-scale, data dependent, and adaptable to CSﬁdDe":eﬂ 2 ® o
other geologic systems fowen —sifiis = ;ﬂ L ;ﬂ
» With more knowledge & data, the accuracy of the approach will [ — o, -,
improve ‘ vaRIABLE " “

» METHOD




Geo-data Science to Unlock Unconventional Rare Earth Elements
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Unconventional REE/CM Big data & digitalization to support

Systematic Methods & REE-CM Iv chain &
Resource Assessment ] supply chain & waste
Data to Constrain REE/CM beneficiation

Secondary
Alteration ‘

@ Flow of meteoric fluids
\
\
= e \\\ Pr.esenceofsulfide
PE Score- Maximum & @ minerals/reduced sulfur

(X
/ rganic/Inorganic i e
| 1 Fluid mixing, mine! |

g, mineral
leaehTrig/precinitation/adsorption,
L) Iow/neutral\zingpl\ﬁ,l linity

Fault/fracture
network

Creason etal, 2021 ©

Structure

Montross, et al., On a unified core characterization
methodology to support the systematic assessment

. . , of rare earth element and critical mineral bearin Justman, et al. (2022). A database and framework
Creason, et al,, (in review). A Geo-Data Science Method &

for Assessing Unconventional Rare-Earth unconventional carbon ores and sedimentary for carbon ore resources and associated supply

Occurrences in Sedimentary Systems. Submitted to strata. Minerals 2022, 12 chain data. Data in Brief.
Natural Resources Research.

Basemap sources: Esri, HERE, Garmg



https://edx.netl.doe.gov/dataset/datasets-for-doe-2021-communities-leap-pilot
https://doi.org/10.1016/j.dib.2021.107761
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