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Introduction
Rare earth elements (REE) are a group of 17 metallic elements, the lanthanide series (lanthanum
through lutetium) plus scandium and yttrium. Chemically, the REEs behave similarly to each other,
making it difficult to separate these elements. Traditionally, ores have been sent to China for refining,
although MP Materials is planning on‐site refining for its mine in California. REEs have unusual physical
and chemical properties that have diverse application to many aspects of modern life. Some important
categories of use are:






Catalysts for oil refining and catalytic converters.
Ceramics and glass, including digital camera lenses, tinting components, and phosphor
materials; ceramic REE magnets for electronics, motors, computers, especially in applications
where space and weight are limiting factors.
Alloys and metallurgy: rechargeable batteries, including electric vehicles; fuel cells; LED and LCD
lighting; flat panel displays and screens; steel making to remove impurities and in special alloys.
Other uses include creating the red‐green‐blue phosphors used in many light bulbs, panels, and
televisions.

Rare earth elements are not rare in the earth’s crust in the absolute sense, but they are widely dispersed
in low concentrations such that economically minable deposits are rare. For example, cerium is as
abundant in the earth’s crust as copper and zinc, but it is not concentrated into ores like those two
metals. Potential sources in the U.S. are regions where geologic processes concentrate REE‐bearing
minerals:





Igneous bodies, particularly an unusual type of igneous rock called carbonatite. These are found
in California, Wyoming, Colorado, and Nebraska. Carbonatites host the world’s largest REE
deposits, but it is rare to find these deposits at the earth’s surface. The Nebraska development is
200 m below the surface, and they are spending $1 billion in hopes of achieving $17.8 billion
revenue over 32 years. Outside the US, actively mined carbonatites are in China, Western
Australia, and Canada.
Placer deposits, in which gravity settling concentrates REE‐bearing heavy minerals. These
deposits are associated with river and beach sediments, and with glacial deposits.
Heavy minerals concentrated by prolonged weathering in clay‐rich laterite soils. REEs leached
from high‐REE rocks of granitic composition adhere to clay through ion‐adsorption and can be
relatively easily extracted using weak acids. China hosts a major REE deposit in laterite soils.






Heavy elements concentrated by human processes such as coal fly ash, slag, nuclear waste, acid
mine waste. Much research and development remain to determine whether these sources can
be productive.
Phosphate deposits in sedimentary rocks, igneous rocks, and hydrothermal deposits.
Concentration in coal underclays. Underclay layers are found below some coal seams. They
represent the ancient soil horizons in which coal‐forming plants were rooted. The geologic
mechanism for concentrating REE in underclays is not completely understood but may be similar
to the process in laterite soils.

Opportunities in Pennsylvania
Placer deposits – Heavy minerals can locally concentrate in stream beds, and some of those minerals
may contain REE, especially where the sediment source included igneous rocks. Previous studies of
stream sediment mineralogy and chemistry by the US Geological Survey (USGS) indicate elevated REE in
some streams in southeastern Pennsylvania, the only part of the state where igneous rocks and
metamorphosed igneous rocks are at the land surface. These deposits are small, so the yield of REE from
these streams is likely too low to make extraction practical or economic. More detailed geochemical
survey of igneous rocks in southeastern Pennsylvania may provide additional information regarding
potential REE sources. There may be potential in glacial deposits in northeastern and northwestern
Pennsylvania, but there is no evidence to date that these sediments contain REE concentrations above
background level.
Underclays – The US Department of Energy (DOE) conducted studies in the Appalachian Basin of
Pennsylvania, West Virginia, Virginia, and Kentucky ca. 2014 to assess REE content of coalbeds. Results
indicated that REE concentrations are elevated in some coals and associated underclays. In particular,
the Lower Kittanning coal and underclay in Clearfield County contains up to 650 parts per million REE.
Elevated concentrations were also found at locations in the other states. The study found that not all
underclays have concentrated REE, and the concentration varies laterally and vertically within a single
horizon. The geologic influences on REE concentration are currently unclear. Further sampling and
analysis of mineralogy and chemistry and mapping of target horizons is necessary to understand the
distribution and full extent of the potential REE resource.
Coal fly ash – There is some evidence that when coal is burned, REEs are retained in the fly ash, leaving
the fly ash as a potential REE resource. The amount of REEs in the fly ash would be dependent in large
part on the amount in the parent coal, so identifying and mapping high REE coals is essential for this
resource also. Research into how REEs occur within fly ash and how they might be extracted is ongoing.

Geological challenges to REE mining in Pennsylvania
Stream deposits of southeastern PA – The USGS and others sampled these streams specifically looking
for a heavy mineral fraction for study, so the elevated values reported are not indicative of the general
chemistry of the area. It would be more fruitful to discover the igneous or metaigneous rocks that are
the source of the heavy minerals than to essentially pan for heavy minerals in small streams. Based on
current data, these deposits are likely not a sufficient resource for mining.

Underclays of western Pennsylvania – It is understood that the Lower Kittanning coal and underclay has
higher REE in Clearfield County. It is likely that this came from weathering of rocks having granitic
composition into those basins. Beyond this, there is no real predictive measure of why REEs concentrate
in this location, or why certain coals have more REE than others. Further investigation is required.
Although widespread, these deposits are fairly thin and some have been destroyed during coal mining
operations. Coal waste and fly ash piles may provide an additional resource pending further evaluation.
For all potential resources – Research into extraction methods and pilot‐scale extraction projects are
required to determine whether REE extraction is economic.

Research Opportunities
USGS Earth Mapping Resource Initiative (Earth MRI) – The goal of this program is to improve our
knowledge of the geologic framework of the US and identify areas that have the potential to contain
undiscovered critical mineral resources, including REE. Activities include detailed geologic mapping,
airborne magnetic and radiometric geophysical surveys, geochemical surveys, elevation (lidar) surveys,
and making public unpublished data archived by state geological surveys. The Infrastructure Investment
and Jobs Act increased authorization for Earth MRI from the current $10M/year to $64M/year in FY22
and for two more years. The Bureau of Geological Survey (BGS) is engaged in two projects under Earth
MRI that concern REE:




High‐Alumina Underclay Team Project is a cooperative effort with West Virginia Geological and
Economic Survey (coordinator), Maryland Geological Survey, and Ohio Geological Survey. The
project is a geochemical survey to assess the potential for REE, lithium, and other critical
minerals. Underclays were sampled where accessible in mines and surface exposures. The
project raises the potential for beneficial reuse of mine waste and waste streams and help for
coal mining districts in economic crisis. Sampling is complete; geochemical analysis is in
progress.
Aerial Geophysical Survey is a proposed $4M project for aeromagnetic and radiometric surveys
of parts of Pennsylvania, Maryland, and West Virginia. These studies can indicate where REEs
and other metal ore bodies and critical mineral deposits are located in the subsurface. The
proposed study area includes a swath through Fayette, Somerset, Westmoreland, Cambria,
Indiana, Clearfield, and Jefferson Counties to investigate underclays and another swath through
southcentral and southeastern Pennsylvania to investigate streambed placer deposits. Funding
decisions should be made in Spring 2022.

US Department of Energy CORE‐CM Initiative – The goal of this program is to build coalition teams and
Regional Innovation Centers to catalyze regional economic growth and job creation by realizing the
economic potential for producing REE, critical mineral and high‐value, nonfuel, carbon‐based products.
Bureau of Geological Survey is a partner in one of the active projects.


Mid‐APPalachian Carbon Ore, Rare Earth and Critical Minerals (MAPP‐CORE) Initiative – The
objective of this project is to identify key barriers and opportunities in connecting CORE‐CM
materials and resources to end‐users and manufacturers, including technical, workforce, and
economic considerations. Partners are WVU Research Corp., University of Kentucky, Virginia

Tech, West Virginia Geological and Economic Survey, Oak Ridge National Laboratory,
Pennsylvania Bureau of Geological Survey, SynTerra Corp., TechConnect WV, DRB Geological
Consulting. Bureau of Geological Survey’s portion of the work is to conduct the geological
resource assessment and to locate spoil piles and ponded areas in Pennsylvania.
Mapping focus at BGS – Mapping is a core business function of BGS. Our maps and data are used in
many applications from natural resource development to water supply to hazards and infrastructure.
Better mapping can better inform geological and geochemical studies for suitable REE sources.




Geologic mapping – Funded by federal grant programs, BGS is mapping detailed geology
throughout Pennsylvania for industry, researchers, homeowners, government, and many other
users. Maps and data are available to all at no cost.
Elevation‐derived hydrography – Using newly acquired high quality (QL2) lidar elevation data as
the base, BGS is mapping streams and drainage patterns more accurately and in more detail
than federal researchers. In addition to supporting geochemical sampling efforts for REE
sources, these datasets will support stream conservation, water supply protection, and flood
hazard prediction.

Laboratory focus at BGS – BGS pursues geochemistry studies with in‐house facilities in support of
geologic mapping, mineral identification, coal, oil and gas studies performed by staff and researchers in
other state agencies and across the Commonwealth. One of the specialized report series that we
publish, Mineral Resource Reports, is focused on economic mineral interests. We have the facilities and
expertise to pursue further geochemical studies that are needed to measure variability in underclays,
which may be the best earth material Pennsylvania for REEs.
Primary research into locating and developing REEs in the US is being driven largely by federal and state
governments. Examples of states that have authorized their own funds for research:




In 2012‐2016, Wyoming authorized $200,000 of Abandoned Mine Reclamation funding to
produce two reports (RI‐65 and RI‐71) identifying REE sources through geochemistry.
In 2012‐2015, Alaska underwent a $2.7 million statewide survey of REEs.
In 2015‐2017, North Dakota pursued a study on REEs in one coal region (RI‐117).

Additional Resources
USGS Fact Sheet 2014‐3078, The Rare‐Earth Elements – Vital to Modern Technologies and Lifestyles,
https://pubs.usgs.gov/fs/2014/3078/pdf/fs2014‐3078.pdf
USGS Fact Sheet 2019‐3048, Rare Earth Elements in Coal and Coal Fly Ash,
https://pubs.usgs.gov/fs/2019/3048/fs20193048.pdf
DOE Report to Congress, Report on Rare Earth Elements from Coal and Coal Byproducts, January 2017,
https://www.energy.gov/sites/prod/files/2018/01/f47/EXEC‐2014‐000442%20‐
%20for%20Conrad%20Regis%202.2.17.pdf
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Rare earth elements – uses
• Rare earth elements (REE) are a group of 17 metallic elements.
• Similar behavior in chemistry, but differences in physical structure make each element useful
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Data source: USGS Mineral Commodity Summaries 2018-2021

• Lanthanum and Cerium predominant use as catalysts for oil refining, catalytic converters (75% of US use)
• Ceramics and glass category includes digital camera lenses; REE magnets for electronics, motors, computers
• Alloys category includes batteries, fuel cells, LED and LCD, flat panel displays and screens, steelmaking

Rare earth elements – geology
• Rare earth elements (REE) – not “rare”, but widely dispersed in low concentration in earth materials
• Concentrated, economically mineable deposits are rare
• Potential sources in US are regions where geologic processes concentrate REE-bearing minerals
• Igneous rocks, particularly carbonatite bodies (California, Wyoming, Colorado, Nebraska)
• Placer deposits where heavy minerals are concentrated by gravity settling (river/beach sediments,
glacial deposits)
• Heavy minerals concentrated by weathering in clay-rich laterite soils
• Heavy elements concentrated by human processes (coal fly ash, slag, nuclear waste, acid mine waste)
• Phosphate deposits in sedimentary rocks, igneous rocks, and hydrothermal deposits
• Concentration in coal underclays – unclear what geological process controls this
• Sources marked in red may be most economical sources available within Pennsylvania.

REE in streambed sediments in Pennsylvania
• Streams concentrate
heavy minerals from
igneous rock sources
• Each dot on the map
represents a sample of
streambed sediment
• No data from
Philadelphia, Delaware,
Montgomery Cos
• Stream beds in SE PA
contain elevated REEs
• Yield from these
streams is very low
• Detailed survey of
igneous rocks may
identify sources

Data source: USGS

Coal underclays in Pennsylvania
• Underclay: Clay deposits
that form at the base of
coal layers (light blue on
map)
• Lower Kittanning coal
and underclays in
Clearfield County
contain up to 650 parts
per million REEs.

• Not all underclays are
concentrated. Currently
unclear how the
Clearfield deposit
formed.
Data source: Pennsylvania Geological Survey

Geological challenges to REE mining in Pennsylvania
• Stream deposits of southeastern Pennsylvania
• Samples collected for study are within small streams with small amount of material
• Based on current data, these may not be a sufficient source for mining
• Underclays of western Pennsylvania
• Currently unclear what enrichment process controls REE contents in Pennsylvania underclays
• Currently difficult to predict what the best layers may be without further surveying
• Thin, widespread deposits; some may have been destroyed during coal mining operations
• Igneous rocks in Pennsylvania
• High-yield sources (such as in CA, WY, NE) have yet to be located in subsurface
• Subsurface drilling exploration prohibitively expensive unless combined with subsurface carbon
capture efforts
• Lower-yield sources are under urban and suburban settings in SE PA

Earth MRI High-Alumina Underclay Team Project
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Geochemical survey
Potential for REE,
lithium, other CMs
(gallium; hafnium)
Accessible in mines and
surface exposures
Potential for beneficial
reuse of mine waste and
waste streams
Help for coal mining
districts in economic
crisis

Earth MRI Aerial Geophysical Survey
• United States Geological
Survey (USGS) and geological
surveys of PA, MD, WV
proposed a $4 million study
for aerial geophysics.
• These studies can indicate
where REEs and other metal
ore bodies are located in the
subsurface.

• Two regions proposed:
• Allegheny Front for
underclays
• SE PA for stream
deposits/igneous rocks
Data source: Pennsylvania Geological Survey

Mid-APPalachian Carbon Ore, Rare Earth and Critical
Minerals (MAPP-CORE) Initiative
Objective: Identify key barriers
and opportunities in connecting
CORE-CM materials and resources
to end-users and manufacturers,
including technical, workforce,
and economic considerations.

Source: netl.doe.gov/node/11045

Team: WVU Research Corp., Univ.
of KY, VA Tech, WV Geologic and
Economic Survey, Oak Ridge NL,
PA Geological Survey, SynTerra
Corp., TechConnect WV, DRB
Geological Consulting
Our work: Basin resource
assessment; locate spoil piles and
ponded areas.

Geologic mapping focus at the Pennsylvania Geological Survey
• Funded by federal grant
programs, the Pennsylvania
Geological Survey is mapping
detailed geology throughout the
state for industry, researchers,
homeowners, government, and
many other users.

• We are mapping Pennsylvania
hydrography (streams and drainage)
more accurately at a smaller scale
than federal researchers
• Better mapping can better inform
a geochemical sampling study for
suitable REE sources.
Data sources: National Hydrography Dataset (orange); Pennsylvania Geological Survey (magenta)

Geochemistry focus at the Pennsylvania Geological Survey
• The Pennsylvania Geological Survey pursues geochemistry studies with in-house
facilities in support of geologic mapping, mineral identification, coal, oil and gas
studies performed by staff and researchers across the commonwealth.
• We publish specialized report series, including
one focused on economic mineral interests:
Mineral Resource Reports

• Further geochemical studies are needed to
measure variability in underclays, which may be
best geological material for REEs.

Pennsylvania Geological Survey
Mineral Resource Report series

New mineral analysis instrumentation
at the Pennsylvania Geological Survey

• Federal, state, university, and industry support is needed for this work:
• In 2012-2016, Wyoming authorized $200,000 of Abandoned Mine Reclamation
funding to produce RI-65 and RI-71 identifying REE sources through geochemistry.
• In 2012-2015, Alaska underwent a $2.7 million statewide survey of REEs.
• In 2015-2017, North Dakota pursued a study on REEs in one coal region (RI-117).

