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Accelerating access to domestic REE resources
from sedimentary/coal systems
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Mineral resources come
from geologic media...

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

geological |,

. “haystack”

Economic deposits
are not random...

NETL is developing the REE-SED method to identify
domestic deposits and unlock the domestic, economic

Systematic, geologic- REE supply from coal and sedimentary systems
/4

driven methods improve
predictability...
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Project Overview NERESY oo
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Developing an assessment methodology for
systematically predicting REE occurrences in
coal and coal-related strata that...

¢ |s based off known mechanisms that result in accumulation of REEs in coal &
coal related strata

e Can be used to identify areas with higher REE prospectivity

e Can be used to constrain whether REE concentrations and volumes suggest
viability of commercial extraction in priority US coal bearing basins




Where and when are REEs enriched in o

ENERGY
TECHNOLOGY

coal and coal-related strata? [ABORATORY

...All of these scales are relevant!
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Project Overview (cont.)

Research Objective

* Develop an approach for systematically assessing REE occurrences in coal and related sedimentary strata to identify

areas of predicted higher prospectivity, and ultimately apply that approach to assess if REE occur in adequate
concentrations and volumes to support commercial extraction in priority U.S. basins.

Research Outcome

* The first science-based method for predicting potential REE deposits in coal-related strata.
e Strategic and robust, validated....

e Contribute to the economic commercialization of domestic REE resource that is currently viewed as uneconomic and
uncompetitive

* Three major areas of focus:
1) REE-SED assessment method development

2) REE-SED geologic sample/core characterization
3) REE-SED waste streams and by-products assessment


https://edx.netl.doe.gov/ree/

REE-SED:
A Systematic
Approach

Transgressive Surface /

Sequence Boundary

Sequence stratigraphy

* Process-based approach
allowing for the prediction of
sedimentary facies (e.g., spatial
variation of coal seam
thickness)

e Restricted to paralic coals
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The occurrence of natural resources are not random, they
are a product of geologic processes

Systematic geoscience methods can improve prediction of
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resource occurrences. In combination with data science
methods we are further reducing uncertainty and improving
accuracy of predictions to drive techno-economic efficiency
in REE-SED discovery and extraction

Basin Modeling

* Regional-scale analysis of basin
formation and evolution (e.g.,
subsidence history, stratigraphic
architecture)

e Complementary to sequence
stratigraphy

Geostatistical Reservoir
Modeling

Mineral prospectivity
mapping

e Multidisciplinary approach for
characterizing fluid flow within
a reservoir based on the
geologic, geochemical, and
petrophysical architecture

® Coupled geochemical-
geostatistical approach for
predicting the spatial
distribution of rocks enriched
in REEs
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Oil & Gas Exploration, 1900’s

Random grab
samples & “probing”
are costly
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Systematic, geoscience founded,
methods & models are key to
efficient & effective natural
resource exploration ==
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http://www.lamar.edu/

Creating a science & data-driven framework... =|tamonat
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...for evaluating data within geologic context

Common Mechanisms

L.Jtilizing a cust.om datf;\ framework.that Concentrating Rare Earth

includes publicly-available geological, Elements
geochemical, and geospatial datasets from
NETL, USGS, and other open sources

i ﬂ~p05|t|on of

umulation within
hosphates

iii. chemical erosion
of igneous basement
{laterites)

alkaline magma chamber * v, hydrothermal
Y \ 2N

alteration

Based off geologic processes that result in
accumulation of REEs in coal systems

* Can be used to identify areas with higher
REE prospectivity

* Can be used to constrain whether REE

concentrations and volumes suggest viability

of commercial extraction in priority US coal

just rock type...it’s i e
about the geohistory [EESEEE -5 bearing basins




Geologic processes + Data underpin REE-SED Method
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. Common Mechanisms
.. Concentrating Rare Earth
voleanic asnfall : Elements

i. deposition of
heavy mineral 2
sands (placers) : .

iv.leaching of ii. alteration of volcanic

Distilled knowledge from 100’s of geologic
studies of REE SED systems combined with

REE
Sedimentary

Primary Emplacement:

Direct deposite of REE-bearing minerals into mire/wetland

Ore deposit
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Secondary Enrichment:

Meteoric or hydrothermal fluid enrichment of clay and/or coal

Volcanic ash : Sedimentary

volcanic ash by A .
e Geologic CoureEs
R Processes SEE Uy
vi. accumulation within deposn
. ma_rine phosphates ;
Leaching REEs
from minerals
v
ACCUMULATION Volcanic ashfall Fluvial fransport of
PROCESSES proximal fo mire REE defrital minerals
Transport of REE-enriched
flvid to coal system

A4

mi”ions Of data recordS tO the methOd Assessment REE SED Deposition of REE Adsorption of REEs Precipitation of
DEPOSITS minerals during on coal or clay REE minerals
peat accumulation minerals within coal or clay

Required Component

/\

Possible Components (non-unique path)
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SIMPLIFICATION OF THE GEOLOGIC COMPONENTS ASSESSED IN THE REE-SED METHOD

Each unique pathway involves a source of REE and an accumulation process to
result in an REE sedimentary deposit.

70+ spatial datasets
6.5+ million records

Multiple datasets are used fo represent each of these components in an assessment.




REE_SE D Assessment ” Plrimar:y Emﬁplallcementzl | | Second?ry Errrichmt_ant:
Ap p roa C h Direct deposite of REE-bearing minerals into mire/wetland Meteotic or hydrothermal fluid enrichment of clay and/or coal

20fic of h
. . - Volcanic ash : Sedimentary

SOURCES i

Sedimentary
deposit

Criteria to inform where conditions most favorable for REE- + E

enrichment of coals Leaching REEs
* Geological data: lithology, core descriptions, well logs, ash v from minerals

isopach maps

« Sources: USGS US-STRAT, USGS CRAs, USGS SGMC, published ACCUMULATION Sivialknosportiol
literature PROCESSES REE detrital minerals

* Geochemical data: elemental concentrations
* Sources: USGS CoalQual, NUREsed, NGS, NGD

* Coal basin regional geohistory: Falquraphic )
reconstructions, paleo-depositional environment, regional
volcanism/orogenesis

* Sources: published literature REE SED
* Known REE occurrences DEPOSITS
* Sources: USGS bedrock deposits

Required Component Possible Components (non-unique path)
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Tools to assess REE coal spatial extent and assess REE coal

resource potential

' %2;%}‘;‘:232‘52& Sa"t?é‘!ﬁ‘s?;’{f&%';?egs‘?ﬁ'é%‘iﬁﬁ*;eg?;‘ﬁ:l datato, SIMPLIFICATION OF THE GEOLOGIC COMPONENTS ASSESSED IN THE REE-SED METHOD
Scale (C uster, ot SpOt analyses

* Seam-based geometry calculations using core data, well logs, . . .
other geological data (circular cross sections) Each unique pathway involves a source of REE and an accumulation process fo

* Local/regional coal production history result in an REE sedimenJrory deposi’r.

Multiple datasets are used fo represent each of these components in an assessment.
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Primary Emplacement: Secondary Enrichment:

* Compiled database of over 200

publicly available, basin- and

national-scale spatial datasets

Sedimentary
* Justman, D., Creason, C.G., Sabbatino, M., Rocco, N., DiGuilio, deposit

J., Rose, K., Thomas, R.B., REE and Coal Open Geodatabase,
2018-09-25, https://edx.netl.doe.gov/dataset/ree-and-coal-

open-geodatabase, DOI: 10.18141/1475030
from minerals

* Leveraged established assessment R et

strategies from petroleum and
mineral resources to evaluate past
geological conditions

* Determined relationships between
REE concentrations and distributions

Required Component Possible Components (non-unique path)
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SIMPLIFICATION OF THE GEOLOGIC COMPONENTS ASSESSED IN THE REE-SED METHOD

* |dentified critical information gaps

and future data needs for testing of
Data resource assessment method Each unique pathway involves a source of REE and an accumulation process o
result in an REE sedimentary deposit.

Multiple datasets are used to represent each of these components in an assessment.
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Current Status ‘

* Performed pilot assessment in region of Powder River Basin
e Synthesized geologic knowledge and data for REE-SED system

5 : : ) - :
E!!!!L'!" * Predicted regions of higher REE prospectivity for different REE-
SED accumulation mechanisms

VGM CoalQual REY max (ppm)
iﬁllﬂll\il\!ll 0 . . .

e * Re-deploying method at full basin-scale (PRB, C. App. Basin)

N * Testing and validating python code for applying the method

IR v Rver Beas By * Performing sensitivity analysis to ID key components, datasets

* Developing additional metrics to represent uncertainty

i i S * Incorporating fuzzy logic into workflow using SIMPA tool

Fiuva atsortion | gl Adsorption | * Resolve ‘hard’ domain boundaries, visualize uncertainty

o . * As means to integrate temporal constraints (order of operations,
time-varying components)

e Calibrating method based on USGS CoalQual data, additional
REE coal core data

e Validate results of multi-scale assessments
* ID and address key knowledge and data gaps

Eolian Precipitation Precipitation
Ds/Dr Ds/Dr
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Beyond
the Basin

Predicting REE-SED
resources from
geologic media
and byproducts
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Where are REE enriched coals & byproducts likely [N=]ranona

to be a viable commodity? TLJiksorarory
How may these resources vary?

MILLIONS OF SHORT TONS OF COAL PRODUCED BY STATE (2014) SHORT TONS OF COAL PRODUCED BY FIELDS AND BASINS (2014)
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500,000,000 418,156,000

-4
e 266,979,000
2 8 2000m; ‘ 137,181,000

=~ 200,000,000 I 7
8 El ok 84,563,400 51423500 40,122,300 |
-4 4
&2 0 . B - —
§ 2 Powder River  Appalachian Ilinois Other Western Other Interior Uinta

11 COALFIELDS/BASINS

Data sources: Energy Information Administration (EIA) state level data (2015) Data Source: EIA
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Predicting REE-resources from coal related [N=]ranova

sources to byproducts

Characterize domestic coal throughout its lifecycle to optimize as a resource:
* Reduce cost of coal ash disposal/recycling
* Increase usage in materials (concrete, drywall, etc.)
* Reduce carbon footprint

Opportunity to use for identifying inefficiencies, vulnerabilities and threats

along supply chains
* Natural disasters, economic, environmental, etc.

Consumption

piles

'Bylsfoducts

Consumption SN : 2 e :
. 55 5 . ...
e <15
® <27
® <41 Avg. stockpile size
®<71

- £0.1
e 0.3
S =05 ByProducts |
®<11 -
®<34 : f :

<8

® <15

®=<27

*All in millions of short tons
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@a US Coal Production-> Distribution

Delivery quantities Coal quantity by Production by coal

to power plants delivery pathway source region

29 - <2 H<12 Coal mine
e <15 = <7 M <97 locations

® <25 = <15 M <290

@® <38 = <31 <740
®<70 —— $52 < 2,400 *All in millions of short tons

Geodatabase containing over 90,000 records spanning:

* 2168 mines
* 636 power plants
* 85,072 domestic coal deliveries
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CoalQual, other critical datasets insufficient for resource assessment

R
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f\-«h_ﬁ\_, AN
LT be KEY CONSIDERATIONS:
‘ 4
S
{%‘ L .f ‘ * Samples vertically homogenized (averaged) across coal seams
?';?-:, Leal * Majority of samples collected in Eastern coals (App Basin)
& N j * On their own, these measurements are insufficient
" * Need to integrate measured information with other
@ measurements and contextual information to inform prediction
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Spatial scale matters - Data collection NAT'ONM

toi |mprove predictions
':\" “ ...To accelerate

robust predictions of
REE-SED resources

Team is working
to fill in REE-SED
3 data gaps...

...Strategic
sampling &
analytics

MULTISCALE GEOLOGIC ANALYSES

ENHANCING AND MATURING THE
DOE-NETL REE-SED METHOD

ciency &

U.S. DEPARTMENT OF

.2/ ENERGY



Documenting High Concentration Deposits N=|NomoNA
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New measurements show REE concentrations vary with geology LABORATORY
Current REE databases (e.g. CoalQual) are based
on whole sample measurements s INTEmeasJﬁh#ﬁgﬂunsu

There is a need for discrete, finer scale sampling
of cores, data to improve prospecting and ID of
REE-SED ore quality deposits

g/vw-

University of Pittsburgh - Swanson School of Engineering

REE-P2 Rare Earth Element Occurrence
and Distribution in Powder River Basin Coal
Core, Wyoming, Davin Bagdonas, Charles
Nye, University of Wyoming: Randal B.
Thomas, LRST (Battelle), National Energy
Technology Laboratory; Kelly K. Rose,
National Energy Technology Laboratory: USA.

e R e

NETL and U of Wyoming study
demonstrated vertical, lithologic
controls on REE occurrence
(Bagdonas et al., 2019)

=t

Sample Interval (ft)
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« 2nd study with industry cores has also
documented geologic variability
* Including a ~10’ thick ore horizon with
REE ranging from 500 to over 2700 ppm
New efforts with USGS, WVGES expanding data
collection from additional cores

UNIVERSITY
or WYOMING
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REEY Concentration

River Basin Coal Core, .I 8

ber 3 - 6, 2019, 13 pgs.



https://www.engineering.pitt.edu/Sub-Sites/Conferences/PCC/_Library/2018-Conference-Docs/Technical-Program-2019/
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Leverage NETL big data, geo-data science tools, to facilitate REE-SED Assessment Tool Development:
1. Semi-automated data compilation into REE-SED database
2. NETLs STA tool for REE-SED inputs; results visualized spatially using NETL’s CSIL tool
3. NETLs VGM to understand distribution of validation data, uncertainty quantification
Romeo et al., 2019; Rose et al., 2020
Bauer & Rose, 2015
@ulative Spatial / \
/ COMPILED DATA: \ Impact Layers
Data }i
M Available % — —
=
Data Subsurface Trend : N ol E
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EY = 4/1 thru 3/31

EY?20, working on REE-SED X EY21, incorporate enhanced § EY22* focus on refinement
method data science AlI/ML approaches; test and of method as new data
enhanced tool, validation and demonstrate REE-SED SIS, support MEEn e
sensitivity analyses method at mine-scale SR CElRUEIDRE

Project

Start Task: REE-SED Assessment Method Development

Task: REE-SED Byproducts & Coal Transportation Network Analysis

Task: REE-SED Geologic Sample Characterization, filling in data gaps to support improving the REE-SED assessment method

* Test and demonstrate method in select basins

* Help determine if REE concentrations and volumes support commercial extraction in priority U.S. coal bearing sedimentary basins
Next steps

* Strategic collaborations to support demonstration & refinement of REE-SED method for geologic resource evaluations

* Application of REE-SED method to coal byproducts and transportation network analysis to forecast priority byproduct prospects

* Continue acquisition and curation of key REE-SED characterization data resources

* Evolve REE-SED assessment method to support techno-economic and reserves based-analyses

20




the REE-SED Infographic!
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3 Ultimately, this project seeks to
improve prediction of where and how
much REEs exist in domestic sediments

N- NATIONAL

]
T TECHNOLOGY
The REE-SED team has assembled an data collection
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= NN .
CheCk E=EVA. fOI’. https://edx.netl.doe.gov/geocube/#collections/ree

Ener Data exchange
D R of open-data resources via EDX that may be useful
o
atasets for resource evaluations in the future.

¢ Pu blications Rare Earth Elements & Coal Open

* |Information G E@"ﬁ o

e & future release of
the REE-SED tool CUBE
(~spring 2021)

REE-SED

NETL’S REE SEDIMENTARY
RESOURCE ASSESSMENT METHOD

b

A SYSTEMATIC, DATA-DRIVEN APPROACH FOR IDENTIFYING
RARE-EARTH ELEMENT (REE) DEPOSITS IN SEDIMENTARY ROCKS

;’l Finding REE “needles” '
¢ inthe proverbial .
\ geological “haystack” ;

] Developing the REE-SED method to identify domestic REE deposits and unlock the
Hl potential of a domestic economic REE supply from coal and sedimentary systems &

«

With oppropriate data
and kn%&le%ge It uses a big dota,
systomatic is stomatic machine-ieami

(so o enhanced approcch,
predi CuUrrences o < combining geclogic
high concentration S L dota and mowledge
deposits Ly to drive predictions

Contact. Ke"y Rose A technical report summarizing the REE enrichment
kelly.rose@netl.doe.gov mechanisms published in the literature to date is
under review, forthcoming via EDX (Fall 2020)

PREDICTING REE-COAL RESOURCES FROM BYPRODUCTS
REE-SED ASSESSMENTS BEYOND THE BASIN

Bauer, J., Justman, D., Mark-Moser, M., Romeo, L., and K. Rose. In Press. Exploring beneath the basemap. In D. Wright and C. Harder (Eds) GIS for Science (vol

Transport
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2). Expected release and publication in Fall 2020.
Bagdonas, D., Nye, C., Thomas, R., and Rose, K., 2019, Rare Earth Element Occurrence and Distribution in Powder River Basin Coal Core, Wyoming, 2019 Thirty

Sixth Proceedings of the International Pittsburgh Coal Conference, September 3 - 6, 2019, 13 pgs.
Rose, K., Bauer, J.R., and Mark-Moser, M., 2020, A systematic, science-driven approach for predicting subsurface properties, Interpretation, 8:1, 167-181

https://doi.org/10.1190/INT-2019-0019.1
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Pubs to Date

https://www.netl.doe.gov/sites/default/file

GAIA Group: Kelly Rose, Gabe Creason, Devin Justman, Scott Montross, R. Burt
s/2020-08/REE-SED%20Infographic-01.png

Thomas, MacKenzie Mark-Moser, Paige Morkner, Nicole Rocco, and Mike Sabbatino
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mailto:kelly.rose@netl.doe.gov
https://www.netl.doe.gov/sites/default/files/2020-08/REE-SED%20Infographic-01.png
https://www.netl.doe.gov/sites/default/files/2020-08/REE-SED%20Infographic-01.png
https://www.engineering.pitt.edu/Sub-Sites/Conferences/PCC/_Library/2018-Conference-Docs/Technical-Program-2019/
https://doi.org/10.1190/INT-2019-0019.1
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