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he United States Geological Survey

(USGS) provides scientific information
for the Department of Interior and the nation,
consistent with its original mission expressed
in the Organic Act of 1879 (43 U.S.C.31): “the
classification of the public lands and examination
of the geological structure, mineral resources,
and products within and outside the national
domain.” Legislation such as the Energy Act
of 2020 and the 2022 Infrastructure Investment
and Jobs Act (43 USC 311) and recent executive
actions (Executive Orders 14154 , 14153, 14241
Secretary’s Orders 3417, 3418, 3422, 3436)
underscore the importance of mineral resources
and focus USGS activities on mapping and
assessing mineral resources, with a particular
focus on those presently identified as critical,
both in ground and above ground in mine wastes.

This article reviews selected activities
and accomplishments by the USGS Mineral
Resources Program related to critical minerals
in 2025. Highlights include a new List of Critical
Minerals, a first-ever national mine waste
inventory, international minerals partnerships,
mineral resource assessment advancements, and
national data collection activities and outcomes
of the Earth Mapping Resources Initiative
(Earth MRI). The selected contributions are not
comprehensive but are intended to demonstrate
USGS leadership in critical mineral mapping
and assessment, the importance of domestic and
global partnerships, and the breadth of research
activities that are responsive to national needs
and priorities.

The 2025 List of Critical Minerals

The Energy Act of 2020 (the Energy Act,
Pub. L. No. 116-260, as amended by Pub. L. No.
118-233) established the definition of a critical
mineral and required the USGS, on behalf of the
Secretary of the Interior, to update the List of
Critical Minerals “not less than” at least every
three years. In August 2025, the USGS released
the draft 2025 List of Critical Minerals that
used a newly updated method for evaluating
mineral commodity supply risk (Nassar et al.,
2025). Nasser et al. (2025) evaluated mineral
commodity supply risk using (1) an economic
effects assessment that quantified potential
effects of trade disruption scenarios on the

U.S. economy and (2) an examination of
each mineral commodity’s U.S. supply chain
to identify the potential for a single point of
failure. Based on the results of this analysis,
the draft list was published in August 2025
and included 54 mineral commodities (https://
www.federalregister.gov/d/2025-16311); 50
were included based on the economic effects
assessment, zirconium was included because of
the potential for a single point of failure within
the domestic supply chain, and three were
retained based on a qualitative evaluation.
Following a period of public comment
and interagency review, in November 2025
the Secretary of the Interior, acting through
the director of the USGS, released the final
2025 List of Critical Minerals and the methods
used to develop the list (https:/federalregister.
gov/d/2025-19813). The final 2025 List of Critical
Minerals (Fig. 1), which revised the final list
published by the Secretary in 2022, includes the
following 60 mineral commodities: aluminum,
antimony, arsenic, barite, beryllium, bismuth,
boron, cerium, cesium, chromium, cobalt, copper,
dysprosium, erbium, europium, fluorspar,
gadolinium, gallium, germanium, graphite,
hafnium, holmium, indium, iridium, lanthanum,
lead, lithium, lutetium, magnesium, manganese,
metallurgical coal, neodymium, nickel, niobium,
palladium, phosphate, platinum, potash,
praseodymium, rhenium, rhodium, rubidium,
ruthenium, samarium, scandium, silicon,
silver, tantalum, tellurium, terbium, thulium,
tin, titanium, tungsten, uranium, vanadium,
ytterbium, yttrium, zinc and zirconium. Arsenic,
boron, metallurgical coal, phosphate, tellurium
and uranium were included in the final list by
the Secretary in response to the public and
interagency input required by the Energy Act.

Mineral intelligence and supply-chain
research

Minerals are increasingly important in our
daily lives and to the world economy. Modern
technologies, such as semiconductors, medical
equipment, communication devices and defense
systems, all depend on secure mineral supply
chains. Technological advancements have created
new demand for minerals and materials, while
global supply-chain disruptions and potential

*Disclaimer: Any use of trade, firm, or product names is for descriptive purposes only and does not imply
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The 2025 List of Critical Minerals. (Source: USGS.gov)
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mineral commodities
from the initial
source to their use
in different products
and industries.
Tracking mineral
supply chains is
increasingly important to understand domestic
and global resource dynamics and vulnerabilities.
Secure and reliable supply chains for minerals
are vital to U.S. economic development and
national security.

The USGS, through the National Minerals
Information Center (NMIC), collects and
analyzes data on global mineral production,
consumption and availability. Through surveys
of the mineral industries, research, market trend
analyses and data releases, NMIC provides
essential mineral information for the nation
and responds to more than 2,000 inquiries each
month for more than 100 different mineral
commodities. The depth and breadth of timely
information delivered by NMIC inform
decision-makers to implement policies which
aid in anticipating supply-chain disruptions
and ensure dependable supplies of minerals to
meet economic and national security needs. The
public and private sectors use this information
to understand the supply and use of minerals in
the economy, and to inform investments along all
nodes of mineral supply chains. The USGS has
unique expertise in the flow of resources through
the global economy, identifying both cumulative
risks to supply chains and the potential for cross-
sector competition for mineral commodities.

A flagship product of the USGS is the
Mineral Commodity Summaries (MCS),
published annually to provide comprehensive
data and analysis on the production, use and
flow of nearly 100 nonfuel mineral commodities
that are important to U.S. national security
and economic stability. The 2026 MCS (U.S.
Geological Survey, 2026a), published in
February 2026, is the earliest comprehensive
source of 2025 mineral production data for the
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world and provides information on 2025 U.S.

and global mineral production, consumption

and trade. It also identifies events, trends

and issues in the domestic and international
minerals industries that affect production and
consumption. The 2026 MCS shows that in 2025,
imports made up more than one-half of the U.S.
apparent consumption for 54 nonfuel mineral
commodities, and the United States was 100
precent net import reliant for 16 of those. Of the
58 nonfuel mineral commodities included in the
final 2025 List of Critical Minerals (excluding
metallurgical coal and uranium), the United
States was 100 percent net import reliant for 13
mineral commodities. An additional 20 critical
mineral commodities (including individual
commodities grouped together as rare earth
elements in the MCS) had a net import reliance
greater than 50 percent of apparent consumption.
China is the major source for 14 of the 33 critical
mineral commodities. The 2026 MCS section on
trade covers commodities ranging from antimony
to tungsten that China restricts being exported to
the United States.

A new summary by Chung et al. (2025)
highlights that mineral supply chains are global
in scale, complex and dynamic. Their work
demonstrates how supply-chain data can be used
to understand how a country’s mineral resources,
as well as economic, technical and environmental
factors, affect the complexity of global supply
chains. Chung et al. (2025) summarized the
world’s leading countries (those accounting
for 5 percent or more of a commodity’s global
production in 2023) for production of select
mineral commodities (mainly critical minerals)
in the mining and processing stages. The authors
developed global maps of these countries and the
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minerals they produce to communicate the status
of, and potential risk to, mineral commodity
supply chains from geographic production
concentration.

Other researchers investigated opportunities
to alleviate shortages of specific minerals.
Tungsten is a critical mineral used in many
everyday products, including light bulbs,
electronics and medical equipment. In 2025,
China was the leading tungsten mining country,
producing about 82 percent of all tungsten in the
world (U.S. Geological Survey, 2026a). Safirova
et al. (2025) considered whether development of
the known tungsten deposits in Uzbekistan could
prevent tungsten shortages by modeling the
potential effects on the world tungsten supply
if three Uzbekistan deposits were developed.
Using market conditions from 2024, the authors
determined that these tungsten deposits have
the potential to be mined economically and
that if they were developed, Uzbekistan could
become the third-leading tungsten producer in
the world. Additional tungsten production could
boost global supply by 2.7 percent and could
help prevent possible shortages of tungsten. The
study highlighted potential solutions to projected
commodity shortages by diversifying commodity
sources internationally, but the authors also
noted uncertainty arising from commodity
price variability, the potential for coproduction
of other economic commodities, and different
processing pipelines and scenarios.

Production concentration, trade disputes
or restrictions, and resource nationalization
have increased disruption risks just as demand
accelerates. Assessing these risks is a priority for
import-dependent countries. The USGS works
to evaluate and quantify those risks for the
United States, developing robust methods (for
example, Nassar et al., 2024, 2025) for identifying
commodities of greatest concern to the United
States, which is an essential step in developing
and updating the List of Critical Minerals (see
above). For the 2025 list update, the USGS
developed improved ways of quantifying the risks
(Nassar et al., 2024) and measuring the effects of
supply-chain disruptions on different sectors of
the economy (Nassar et al., 2025). By applying
an input-output framework with price elasticities
to estimate new market equilibria under export
restrictions and to assess impacts on industrial
output and gross domestic product (GDP),
USGS built an economic model to estimate what
happens when supplies of minerals are disrupted
(Nassar et al.,2024). The model looks at how
prices and available quantities would change
and how those changes would ripple across U.S.
industries and the economy. It is essentially a
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detailed “what-if” scenario tool that connects the
dots from a supply shock to factory production
to jobs and GDP. To quantify the risks associated
with potential disruptions and to recommend
mineral commodities for inclusion in the updated
U.S. List of Critical Minerals, as required by

the Energy Act of 2020, the USGS developed

an economic model to estimate the potential
effects of foreign trade disruptions of mineral
commodities on the U.S. economy (Nassar et
al.,2025). The economic model has several
advantages over previous assessments, including
the ability to directly compare the results against
other economic risks and the costs of initiatives
aimed at reducing the risks.

A recent study provides new insight into
how mineral commodity markets respond to
price changes. Shojaeddini et al. (2025) carried
out a comprehensive analysis of price elasticities
of supply and demand for 74 nonfuel mineral
commodities including precious metals, base
metals, minor metals and industrial minerals
that are utilized across various industries, to
understand market responsiveness to price
changes and the factors influencing commodity
prices. Using variables that serve as proxies for
influences on price elasticities such as market
structure, technological advancements, mining
costs and industry-specific demand drivers,
they produced original estimates of price
responsiveness for a wide range of commodities
that have not been previously addressed in the
literature, thereby enhancing the understanding of
market dynamics in the mineral sector. The results
show that all the studied mineral commodities
exhibit price inelastic supply and demand in
the short run (defined as one year based on
annual data used) and that there is variability
in elasticities among different commodities.
These short-run price inelastic characteristics
suggest that price changes lead to proportionally
smaller adjustments in the quantities supplied or
demanded. This awareness can inform decisions
by stakeholders and policy makers.

Recent geopolitical actions directed at the
supply of critical minerals highlight the threats
posed by particular countries dominating a
critical mineral supply chain (for example,
Baskaran and Schwartz, 2024; Nassar et al., 2024),
and the potential to mitigate such disruptions
using alternative supplier countries (for example,
Safirova et al., 2025). However, intranational
factors that determine such threats or mitigations
have not been systematically quantified. Decarlo
(2025) published a methodological framework
for quantifying the intranational risk profile of
critical mineral sectors and compares them with
the sector’s international potential for leverage.
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The framework considers four major types
of risk inherent in the critical mineral sector
using India as a case study. Concentration risk
considers whether the resources or infrastructure
of a nation’s minerals sector are concentrated
spatially or structurally in a way that makes the
sector particularly vulnerable to disruptions
such as natural disasters, labor issues or other
economic challenges. Synchronization risk
measures the geographic or institutional extent
of a mismatch between the distribution of a
sector’s resources and mining infrastructure or
the gap between existing and actually utilized
infrastructure. Any mismatch between the
location of a resource and the infrastructure
available and used to develop increases risk
and can also compound the concentration
risk. Nationalization risks consider the impact
of mineral nationalization, which is heavily
dependent on the intranational structure
of the mineral industry. Finally, regulatory
risk considers the legal and regulatory
frameworks that govern mineral development
in any particular jurisdiction. Using these
four intranational risk factors as a guide
and weighting them equally, Decarlo (2025)
quantified the critical mineral supply of India
for 16 different sectors and identified areas
of intranational resilience and fragility for
individual sectors. The study then compared
intranational and international risk scores to
show how resilience or fragility of a particular
sector can be either enhanced or mitigated by
India’s potential to leverage in global critical
mineral markets. As an example, Decarlo (2025)
showed that two critical mineral sectors with high
leverage potential were intranationally resilient
(chromite) and fragile (barite), respectively.
Other sectors with lower international risk
factors provide India with a more marginal
position for global leverage, but internal actions
or policies to mitigate one or more or categories
of risk could lead to decreases in intranational
risk and, therefore, increase India’s international
opportunities. In summary, this framework
provides valuable insights for quantifying the
intranational risk factors that underpin the
national output of a country’s critical mineral
sector and provide a means of analyzing the risks
and modeling how various activities could impact
the sector in a global market context.

In 2025, the USGS produced the first volume
in the World Minerals Outlook series (Alonso
et al.,2025) as part of a larger effort to provide
forecasts and scenarios for global mineral supply
chains and in response to requirements in the
Energy Act of 2020. This is a forward-looking
assessment that provides projections for world
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production capacity for seven critical minerals
(cobalt, gallium, lithium, magnesium, palladium,
platinum and titanium) and helium for 2025
through 2029. The World Minerals Outlook series
combines historical production and capacity data
and an outlook for future supply capacity and

is part of the USGS effort to produce multiyear
forecasts of the production, consumption

and recycling patterns of critical minerals.
Understanding mine production and potential
capacity growth can help inform the growing need
for the minerals that support economic growth,
technological change and national security for
businesses and policymakers. How much a mine
can produce affects future supply, especially as
production capacity can change over time. The
results of the analysis suggest that cobalt and
lithium, which are key for lithium-ion batteries,
are likely to see significant increases in production
capacity due to rising demand, whereas gallium
and platinum are expected to see stable or
moderate growth, exceeding current production
levels. However, the future for magnesium and
titanium is less clear because much of their
production comes from countries with nonmarket
economies, like China and Russia. In free markets,
using full production capacity is likely to depend
on supply shortages and prices being above
production costs, as also examined in the study

of the price elasticities of demand and supply by
Shojaeddini et al. (2025). Work is ongoing on the
next World Minerals Outlook, which is expected
to be published in 2026.

International minerals collaboration

In 2025 the USGS continued to cooperate
with international partners to enhance the
understanding and management of critical
minerals and to mitigate strategic resource
vulnerabilities. The flagship international
partnership is the Critical Minerals Mapping
Initiative (CMMI), a trilateral initiative between
USGS, Geoscience Australia and the Geological
Survey of Canada. The goals of the CMMI are
to develop a better understanding of known
critical mineral resources, determine geologic
controls on critical mineral distribution for
deposits currently producing byproducts, identify
new sources of supply through critical mineral
potential mapping and promote critical mineral
discovery in all three countries.

In 2025, a key output of this initiative, the
Critical Minerals in Ores (CMiO) database was
released (Case et al., 2025). The CMiO database
helps to advance our understanding of critical
minerals distributions by providing access to
high-quality, multielement geochemical data
from a wide variety of critical mineral-bearing
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M Figure 2

Schematic global distribution of Critical Minerals in Ores database samples, colored by deposit environment classification of
Hofstra and others (2021). An interactive map is available at htts://portal.ga.gov.au/persona/cmmi. (Source: Case et al., 2025,
USGS Fact Sheet 2025-3002, version 1.2, May 2025)
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deposits worldwide (Fig. 2). Publicly available
data on the concentrations of many critical
minerals are sparse because these commodities
can only be produced in small quantities
compared to the primary commodities like
copper and zinc. The CMiO database helps
bridge this gap in data availability. Importantly,
it allows for comparisons among ore deposits
from different regions because it uses a novel
consensus deposit environment, group and type
classification scheme developed by the partner
agencies (Hofstra et al.,2021). The CMiO
database contains geochemical data for more
than 20,000 samples from more than 100 deposit
types comprising 10 deposit environments. A
recent study by researchers at the Colorado
School of Mines (Holley et al.,2025) using data
from CMiO found that more efficient processing
of waste streams from U.S. mines could provide
much of the critical minerals the United States
now imports.

Another key 2025 product was the
publication of a global database of porphyry
copper deposits and prospects (Magnin et al.,
2025). Porphyry copper deposits are the world’s
primary source of copper and can also host a
variety of secondary commodities identified as
critical by the USGS (U.S. Geological Survey,
2026a). The data sheet includes deposit names
and their location, age (if known, and including
analytical method), deposit classification based
on Hofstra et al. (2021), interpreted tectonic
origin, and grade-tonnage compiled from public
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databases where available. The final spreadsheet
represents the most up-to-date published
information of global porphyry copper deposits
and prospects as of spring 2024.

A sample of the other recent activities
carried out by USGS scientists on the mineral
resources of other countries include:

e A geologic map of the Greater Antilles
and Virgin Islands (Wilson and Labay,
2025), which compiled and integrated
information from the literature to
create a seamless geologic map of the
region that could serve as a base map
for a mineral resource assessment of the
region.

e A compilation on modern geographic
systems of aeromagnetic and gravity
surveys of the Skaergaard intrusion in
East Greenland from July to August
1971 (Gettings, 2025). The Skaergaard
intrusion is a source of critical platinum
group elements, and because no new data
have been collected since, these legacy
data sets remain valuable and relevant.

e A geochronology analysis to constrain
the age of formation of the Mount
Weld deposit (Western Australia), a
world-class carbonatite-derived rare
earth element (REE)-bearing laterite
deposit (Verplanck et al., 2025). These
types of age constraints can provide
key information for exploration of
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similar deposits which are known to
form economic deposits of aluminum,
iron, copper, nickel, cobalt, niobium and
REE:s.

e A review of the geological and economic
significance of Canadian potash
(Matheson et al., 2025), a new addition
in the 2025 List of Critical Minerals and
a mineral essential for global agricultural
productivity and food security. Potash
is also recognized as a critical mineral
in Canada as it is the largest source of
potassium used in fertilizers.

New engagements seeded in 2025 in Central
Asia (Kazakhstan, Uzbekistan and Tajikistan)
and Angola, among others, are expected to
continue and expand in 2026. These cooperative
work efforts include the provision of training to
colleagues on various field and office techniques,
such as geophysics, geochemistry, remote
sensing, and methodologies for the assessment
of unknown mineral resources, particularly of
critical commodities (for example, Coyan et al.,
2024).

New interests have risen in the recovery
of minerals from mine waste, as well as in
conventional and unconventional energy
resources (for example, basin and oilfield
brines, geothermal brines). These exchanges
of knowledge and technology contribute to
the enhancement of the USGS understanding
of local to global mineral deposit models and
the deployment and testing of known and in-
development tools for mineral prospectivity
mapping, including modern ones that involve
the use of artificial intelligence and machine
learning (AI/ML). These collaborations share
data, methods and training, and help identify new
resources and recycling opportunities abroad.
The goal is to improve global understanding of
where critical minerals are and how they can
be developed responsibly, which supports more
resilient supply chains.

Mine waste inventory and characterization
The USGS has a long history of research on
the geologic and environmental context of legacy
mine sites with a particular focus on the critical
mineral content, recoverability and potential
environmental impacts of mine waste (Piatak et
al.,2025). The U.S. Mineral Deposit Database
Project (USMIN) develops and maintains
national-scale geospatial resources that provide
authoritative information on significant mines,
mineral deposits and mining districts. USMIN
began the systematic inventorying of active
and legacy mine sites nationwide by digitizing
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mining-related features from historical USGS
topographic maps across the country (Horton
and San Juan, 2022, 2025). Follow-on work
focused on mine waste features in the United
States, with the first version of the USMIN
National Mine Waste Inventory completed in
2025 and released in early 2026 (U.S. Geological
Survey, 2026b) (Fig. 2). The National Mine Waste
Inventory is a collaborative product compiled
by the USGS and participating state geological
surveys that are supported by the Earth Mapping
Resources Initiative; it catalogs aboveground
mine waste features such as tailings and waste
rock piles that are the remnants of historical

and active mining activities. The inventory
presently includes waste from nonfuel deposits
only, and the areal extent of waste features

at any individual site must exceed 2,000 m?.
Version one contains more than 750 features
representing 39 distinct deposit types in 11
states: Arizona, Colorado, Kentucky, Michigan,
Montana, Nevada, New Mexico, North Carolina,
Oklahoma, Utah and Virginia. The database

will continue to expand to include other states,
deposits and features. As select sites and deposit
types are fully characterized by USGS and state
partners, the combined inventory and resource
evaluation will provide a national estimate of the
potential critical mineral endowment of mine
waste across the landscape.

These ongoing USGS mine waste activities
directly support the Department of the Interior
Secretary’s Order 3436, titled “Unlocking Critical
and Strategic Minerals from Mine Waste, Cutting
Red Tape, and Restoring American Dominance
in Strategic Mineral Production,” which was
announced in July 2025. The order highlights
the untapped potential of waste produced
by mining, mineral processing or refining as
a source of critical minerals nationwide, and
the USGS is responding by drafting a plan to
expand and accelerate efforts to determine the
critical mineral endowment of mine waste and
evaluate its potential for recovery. The plan
will also identify candidates for demonstration
sites where there is a need for reclamation and
where critical minerals might be recovered
during the reclamation process. Candidate sites
may be nominated by federal, state and (or)
tribal agencies, and the candidate sites will be
evaluated in greater detail to better assess the
resource endowment. Site characterization
will follow protocols and methods developed
by USGS and published in 2025 (Campbell et
al., 2025), and target media will include mill
tailings, waste rock, leach pad wastes, slag and
mine water. Selected demonstration sites may
also see additional activity and investment
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M Figure 3

Map showing mine waste sites represented in the first version of the USGS USMIN National Mine Waste Inventory (U.S.
Geological Survey, 2026b). Data were compiled by the USGS and participating state geological surveys. Any individual site
must exceed 2,000 m?, and data were compiled from publicly available information.
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that could include advanced exploration
including drilling, reclamation technology

trials, monitoring methods development and
further material characterization to identify
and optimize alternative uses of the mine waste.
The forthcoming plan will emphasize federal
leadership and partnership across federal, state
and tribal governments to develop and text
criteria for identifying and prioritizing viable
mine waste sites, clarifying permitting and
regulatory pathways to identify opportunities
and obstacles to critical mineral recovery, and
develop mechanisms to facilitate access and site-
specific work to test new methods and concepts
and to rigorously assess the economic potential
of critical mineral recovery.

Critical mineral resource assessments
Assessing the mineral resources of the

United States is a core function of the USGS
Mineral Resources Program since the inception
of the USGS in 1879. Assessment methods have
evolved over time, but all mineral resource
assessments fundamentally (1) identify areas
that have known or suspected potential for
hosting mineral resources and (2) provide an
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National Mine Waste Inventory

estimate of the amount of mineral resource
contained within each area. The Energy Act

of 2020, Section 7002, underscored the need

for assessment of identified and undiscovered
critical mineral resources and established a 10-
year timeline for initial national assessment of all
critical minerals. In response, the USGS Mineral
Resources Program has invested in nationwide
collection of modern, high-quality data (see
Earth Mapping Resources Initiative below), a
mineral resource assessment training program

to integrate new expertise and perspectives into
core assessment workflows, and new partnerships
and methods to innovate on assessment methods
and accelerate outcomes (for example, Rosera

et al.,2025). Selected highlights from the 2025
Mineral Resources Program resource assessment
portfolio are briefly described in this section.

Critical mineral assessment with Al support
(Critical MAAS). With the acceleration of
new mapping and data collection across the
country, the USGS is similarly accelerating
internal efforts to better integrate and analyze
large geoscience data sets, including by using
techniques such as Al and ML. In 2023, the
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Study area and domain location maps of the northern (A) and southern (B) Appalachian Mountains together with ranked
permissive tracts for each domain and top three categories of ranked mineral sites contributing to the assessment of lithium-
bearing pegmatites (Figures from Wintzer et al., 2025).
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USGS began working with the Defense
Advanced Research Projects Agency (DARPA)
and launched a mini challenge in which
individuals and teams competed to develop
methods for applying Al to labor-intensive data
synthesis tasks, particularly map georeferencing
and automated map feature extraction. After
highly successful completion of the mini
challenge, the USGS and DARPA identified new
opportunities to advance and accelerate mineral
assessments using Al. USGS subject-matter
experts identified the slowest and most labor-
intensive steps in the geoscience data analysis
required for a mineral resource assessment.
Specifically, the data required for assessments
are commonly derived from geologic maps that
exist as scanned images (that is, unstructured
data) that must be digitized before they can be
used in modeling (Goldman et al., 2025). USGS,
DARPA, Advanced Research Projects Agency-
Energy (ARPA-E) and partner agencies jointly
launched an Artificial Intelligence Exploration
Opportunity, named the Critical Mineral
Assessments with AT Support (Critical MAAS)
project to produce automated workflows for

(1) georeferencing a variety of geological

and topographic maps, and (2) automatically
extracting lithological and structural data from
the digitized maps (Goldman et al., 2025).

In 2024 and 2025, the first tools and
workflows to emerge from this effort proved to
be very promising and were deployed in the early
stages of the assessment of lithium in pegmatites
(see below). Initial results indicated that the Al-
improved workflows led to advances made in
improving models, scaling pipelines and building
interfaces for human-in-the-loop workflows.
Generative Al tools have also been integrated
into the new workflows. The automated tools
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developed in Critical MAAS show promise in
shortening the time for map processing and
assessment workflows, which could shorten the
time required to assemble new and legacy data
for assessments (Goldman et al., 2025). The
Critical MAAS program concluded in early 2025
with a final “hackathon” event that culminated
in real-time demonstrations of working software
prototypes and use by subject-matter experts

to conduct mineral resource assessment tasks.
The USGS is now working to implement the
new tools and workflows to make resource
assessments more efficient and adaptable to
expanding data sets and evolving critical mineral
information needs.

Lithium pegmatite assessment. In 2025, USGS
mineral resource assessment teams completed
a quantitative assessment of lithium pegmatite
deposits across the Appalachian Orogen in the
eastern United States (Fig. 4). The assessments,
published in two parts (Wintzer et al., 2026;
Rosera et al., in press), were a direct outcome
of the most recent USGS Mineral Resource
Assessment Training. As part of the assessment,
the USGS teams developed a mineral deposit
model of and assessed lithium mineralized
granitic pegmatite deposits in the U.S.
Appalachian orogenic mountain belt. To help
delineate permissive tracts, several mappable
criteria were identified that corresponded
to (1) overthickened crust in the northern
Appalachians, (2) terrane accretion in the
southern Appalachians and (3) exhumation and
preservation of mid-crustal rocks as favorable
hosts to lithium mineralized pegmatites (Holm-
Denoma et al., 2025).

Prospective lithium pegmatites in the
northern and southern Appalachian regions
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[ ] Figure 5

Schematic hypothesized evolution of graphite mineral systems that form
in collisional tectonic settings from protolith deposition (a) to collision
(b) and eventual exhumation (c: Figure 11 of Case, 2025). The numbers
correspond to the possible location and tectonic setting of significant
known deposit listed below panel (c).
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(Fig. 4) are mineralogically different, which can
have both genetic and economic implications.

In the southern Appalachian region, the lithium
pegmatites are mostly albite-spodumene type
pegmatites. In the northern Appalachians, lithium
is hosted within a diversity of minerals including
gem-bearing lithium pegmatites, subeconomic
quantities of lithium aluminosilicates and
minerals that are less commonly exploited

for lithium (such as lepidolite and lithium
phosphate minerals like amblygonite) (Wintzer
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et al.,2026). The assessment of the northern
region estimated a median contained resource
of 1,410,000 t of lithium oxide (Li,O) remains
undiscovered (Wintzer et al., 2026). After
applying an up-to-date economic filter to
convert median contained lithium to recoverable
material, a correlated total of 900,000 t of

Li,O may be economically recoverable in the
northern Appalachian region (Wintzer et al.,
2026). An estimate of the median recoverable
resource of the southern Appalachian region is
1,430,000 t of Li,O (Wintzer et al., 2026; Rosera
et al., in press). These estimates for the entire
Appalachian orogen within the United States
equate to enough Li O to provide the current
annual U.S. lithium supply deficit (presently
obtained through net imports (7.1 kt Li,O per
year; U.S. Geological Survey, 2026a) for 328
years (Wintzer et al., 2026). These estimates are
based on the best available data at the time of
the assessment, and improved data coverage and
quality, particularly higher-resolution geophysical
surveys, may warrant revision and refinement of
the estimates in the future.

Graphite mineral system deposit model. In
2025, the USGS published and updated the
mineral system deposit model for graphite
(Case, 2025; Zach et al., 2025) as the first phase
of a forthcoming national graphite resource
assessment. The deposit model synthesizes
previously published studies on graphite ore
genesis and tonnage resource data into a
coherent model of graphite deposit formation
using a mineral systems approach that can be
applied at various scales of mineral potential
mapping and exploration. Case (2025) also
identifies the mappable criteria — in other
words, the most important geologic components
that can be mapped regionally — that can
identify undiscovered graphite potential. Flake
graphite, which dominates natural battery
graphite production and known resources, was
prioritized in this paper. Resource data compiled
shows that world production of all types of
graphite is dominated by China, but East Africa
contains the greatest global proportion of known
resources (U.S. Geological Survey, 2026a). Case
(2025) presented the characteristics of the
two main geologic environments of graphite
deposits, orogenic graphite and intrusion-related
graphite, and described the spatial-temporal
distribution of these systems. Each environment
corresponds to distinct geotectonic settings
that can be delineated using multiple mappable
criteria at multiple scales. For example, orogenic
graphite deposits are typically associated with
high-grade metamorphic rocks that form in
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collisional orogens (Fig. 5). In contrast, intrusion-
related deposits form in magmatic-hydrothermal
and metamorphic mineral systems that are

more indicative of continental arc settings,

and overlapping geologic environments. The
development of robust and predictive time-space
mineral system models for graphite deposits

can improve graphite deposit exploration and
mineral potential mapping/mineral resource
assessment. The analysis of the identified
geotectonic context of known deposits indicates
that continent-scale orogenic belts (Fig. 5) have
the potential to host multiple types of graphite
deposits, together with vanadium deposits, where
only one type is currently recognized (Case,
2025).

USGS Earth Mapping Resources Initiative
The USGS Earth Mapping Resources
Initiative (Earth MRI) supports all the efforts
described above through systematic collection
of modern, high-resolution geoscience data
nationwide, especially in priority areas identified
as having critical mineral potential (Dicken et al.,
2022; Hammarstrom et al., 2023). Earth MRI is a
collaborative effort between the USGS and state
geological surveys that began in 2019 with an
emphasis on high-quality airborne magnetic and
radiometric data, high-resolution topographic
data (lidar), and geological and geochemical
mapping by state survey partners. In 2022, the
pace and scope of data collection changed
dramatically through the addition of $320
million in supplemental funding over five years
from the Infrastructure Investment and Jobs
Act (IIJA). Regional airborne electromagnetic
and hyperspectral remote sensing surveys were
added to the data collection portfolio, and
the USGS launched a new, competitive grant
program that funds state geological surveys to
contribute to the national mine waste inventory
and to characterize the critical mineral resource
potential of mine waste sites across the country.
In 2025 alone, the USGS invested more
than $61 million to collect modern, high-
resolution airborne data, conduct new geologic
and geochemical mapping, inventory mine
waste and characterize its resource potential,
and preserve legacy critical minerals data in
state or private collections. This work involved
partnerships with 38 different state geological
surveys. Earth MRI funded 25 new geologic or
reconnaissance geochemical mapping projects
through cooperative agreements, with each
project being conducted by a different state
survey. State geologic mapping projects address
a range of topics and regions including districts
such as Coeur d’Alene in Idaho, Cornucopia

www.miningengineeringmagazine.com

Annual Review 2025: Critical Minerals

in Oregon and the Eagle Mountains in Texas;
heavy mineral sands in the coastal plain of South
Carolina and Virginia; Precambrian bedrock
terranes in Minnesota, Michigan and Iowa; and
pegmatites in Massachusetts. Reconnaissance
geochemical projects that started in 2025 are
investigating the Old Lead Belt of Missouri;
carbonate replacement deposits across southern
California, Arizona and New Mexico; sediment-
hosted mineralization in Oklahoma, Kentucky,
[llinois and Indiana; and regional magmatic-
hydrothermal systems across all of Nevada

and Utah. Earth MRI funded eight states for
new mine waste inventory projects to being

in 2025 that will contribute to future versions

of the National Mine Waste Inventory (U.S.
Geological Survey, 2026b) and guide more
detailed characterization efforts. Ten new mine
waste characterization projects were launched
that focus on legacy sites in Arizona, Colorado,
Kentucky, Missouri, Montana, Nevada, New
Mexico, Oregon, Virginia and Washington. More
information on these and other past and present
Earth MRI projects can be found using the Earth
MRI Acquisition Viewer (https:/ngmdb.usgs.
gov/emri).

Earth MRI also contributes to the
preservation of legacy critical mineral data in
state and private archives through the USGS
National Geological and Geophysical Data
Preservation Program (NGGDPP). Support from
Earth MRI through NGGDPP is focused on a
variety of activities that can include development
of strategic plans for addressing critical mineral
resources in each state, legacy data collection
and curation related to state mineral deposits
or districts, and preservation and potential
geochemical reanalysis of legacy rock samples
and drill core. In 2025, 21 state geological surveys
were supported by NGGDPP, enabling them to
preserve vital geologic and geophysical data and
samples that address USGS needs and priorities.
The results of these projects are made publicly
available through multiple sites that may include
published reports by state geological surveys, the
USGS National Index of Borehole Information
(NIBI, https://webapps.usgs.gov/nibi/) and (or)
the USGS Registry of Scientific Collections
(ReSciColl, https://webapps.usgs.gov/rescicoll/).
New geochemical data resulting from mapping,
mine waste and data preservation projects are
published in a continuous USGS data release
on ScienceBase that is versioned periodically
as new data become available (U.S. Geological
Survey, 2025). In total, Earth MRI invested more
than $17.5 million directly into state geological
surveys for critical mineral mapping and data
preservation projects in 2025 (Fig. 6).
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Airborne magnetic and radiometric surveys.
In 2025, more than $37 million was invested to
collect high-resolution airborne magnetic and
radiometric geophysical data in multiple regions
of the United States to aid bedrock geologic
mapping and modeling of regions prospective for
hosting critical mineral resources. New airborne
geophysical surveys funded in Alaska helped to
complete data collection across the Kuskokwim
Mountains region in the southwestern part of
the state (Fusso et al.,2025a,2025b) and may
also contribute to new coverage of the Seward
Peninsula in western Alaska. The Kuskokwim
Mountains region, part of the world-class Tintina
gold province, also contains known tin, rare earth
element, tungsten and antimony occurrences,
and has high potential for other undiscovered
critical mineral resources. The Seward Peninsula
contains Graphite Creek, the largest known
flake graphite deposit in the United States, and
its diverse geology is also known or suspected
to host other critical mineral resources such as
tin and lithium associated with the Kougarok
district.

In the western United States, magnetic-
radiometric surveys funded in 2025 cover parts
of Nevada, Utah, Montana, Idaho, Oregon,
Wyoming, South Dakota, Colorado and New
Mexico. Companion bedrock geological
mapping, reconnaissance geochemical mapping
and mine waste investigations were also started
or were already ongoing in many of these states.
New geophysical data collection in southern
Colorado focused on the northern part of a
regional alkaline igneous belt that extends
along the southern Rocky Mountains to the Big
Bend region of western Texas. New airborne
geophysical surveys in Wyoming focus on a
broad region containing the Laramie Mountains,
the Shirley Mountains and the Hartville uplift.
When completed, these surveys will connect
with published and forthcoming and recently
completed Earth MRI geophysical surveys
in western Colorado and southern Wyoming,
providing new insights into multiple mineral
systems across a broad region of the Rocky
Mountains. A new airborne survey in western
South Dakota and northeastern Wyoming covers
the entirety of the Black Hills and extends north
across the Bear Lodge REE deposit and other
associated intrusions. A new survey in western
Montana extends across the Big Belt and Little
Belt Mountains to cover the northeastern extent
of porphyry-related igneous intrusions in the
region. Airborne magnetic and radiometric data
collection across the Idaho-Montana border to
the northwest supports mapping in the region
and covers the entire Coeur d’Alene mining
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district. New airborne magnetic-radiometric data
collection in Nevada will cover approximately
9,100 sq miles of the eastern part of the state
extending into western Utah. Survey targets
include Carlin, porphyry copper, reduced
intrusion-related and lacustrine evaporite
mineral systems that are prospective for critical
minerals such as tungsten, tin, lithium, antimony,
beryllium and tellurium.

In the central United States, a new airborne
magnetic-radiometric survey spans more than
34,000 sq miles of northcentral Missouri and
adjacent parts of western Illinois, eastern Iowa
and southwestern Wisconsin to investigate basin-
brine path, [OA-IOCG and marine chemocline
mineral systems. The survey also encompasses
regionally extensive Paleozoic phosphatic strata
that are prospective for REEs. Another new
geophysical survey was initiated over a broad
region of northeastern Minnesota that includes
the Duluth Complex, a large mafic magmatic
system that is known to host nickel, cobalt and
platinum group elements.

In the eastern United States, three major
airborne magnetic-radiometric surveys were
initiated in 2025. A new survey covering a large
part of northeastern Maine will support mapping
across multiple mineral systems and geologic
provinces that have potential to various critical
minerals. In the southeast, active surveys in
North Carolina and Virginia were extended to
the north and west to encompass the Blue Ridge
Mountains and northern Piedmont of Virginia.
The survey extensions will also link Earth MRI
data to the south and north, which will result in
seamless, high-quality magnetic and radiometric
data coverage from southern South Carolina to
eastern Pennsylvania. A new survey in western
Georgia extends from crystalline rocks of the
Piedmont province south to sediments and
sedimentary rocks of the Atlantic and Gulf
Coastal Plain. New data will support modeling of
major geotectonic features across the southern
Appalachian Mountains and support mapping
of mineral systems that include heavy mineral
sands, deeply weathered regolith overlying
diverse igneous rock suites, volcanogenic massive
sulfide systems, and possible eastern extensions
of the Alabama graphite-vanadium belt.

Airborne electromagnetic surveys. In 2025
Earth MRI invested approximately $1.5
million in regional and smaller-scale airborne
electromagnetic (AEM) surveys in the western
and central United States, continuing two
multiyear survey efforts in Wyoming and
Michigan, respectively. The Wyoming AEM
survey began in the southern part of the state
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[ ] Figure 6

Map showing pre-Earth MRI high-resolution airborne magnetic and radiometric surveys together with Earth MRI high-
resolution airborne magnetic-radiometric surveys completed or in progress (Figure 1 of Shah et al., 2025a).
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and focuses on the Cheyenne Belt, a major
Precambrian tectonic zone that juxtaposes
disparate mineral systems associated with
crystalline basement terranes of different ages
on either side. The tectonic zone outcrops in
limited exposures across multiple mountain
ranges in southern Wyoming, but the structure

is otherwise concealed by younger sedimentary
cover across much of its extent. The second
phase of the Wyoming survey will extend to the
northeast and, when completed, will provide
complete coverage across to the Black Hills in
southwestern South Dakota. The AEM survey in
the upper peninsula of northern Michigan and
environs was completed in 2025 and is supporting
mapping and modeling of Precambrian terranes
that include graphite-bearing strata and mafic
magmatic rocks of the Midcontinent Rift System
that may contain nickel, cobalt and platinum
group elements. The Michigan AEM survey was
also optimized in selected areas to facilitate
groundwater modeling in support of Tribes in the
region. The second phase of the survey extends
west along Lake Superior and covers a broad
region of northeastern Minnesota that includes
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the Duluth Complex, Cuyuna Range and
Animikie Basin.

Hyperspectral remote sensing surveys. In
2025, Earth MRI invested more than $4 million
in new hyperspectral remote sensing data in the
western United States as part of a four-year, $16
million partnership with NASA. Hyperspectral
data collection began in 2023 using NASA’s
ER-2 high-altitude airborne science aircraft
and the Airborne Visible/InfraRed Imaging
Spectrometer (AVIRIS-Classic). The new
AVIRIS-5 sensor was installed and began
collecting data in 2025, increasing spatial
resolution by approximately 4x and spectral
resolution by at least 2x. Secondary thermal
infrared (TIR) sensors such as MASTER and
HyTES were also used when available. To date,
new hyperspectral data have been collected over
parts of California, Nevada, Oregon, Idaho, Utah,
Arizona, New Mexico and Texas with an average
pixel size ranging from 8 to 17 m. The reflectance
data are being calibrated by concurrent ground
studies conducted by USGS scientists. In 2025
alone, new data coverage totaled approximately
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180,000 sq miles of the western and southwestern
United States. When combined with data
collected in 2023 and 2024, available coverage

of these hyperspectral data exceeds 320,000

sq miles at 15-m spatial resolution or better.
Available data can be accessed using the NASA
GEMXx portal (https://popo.jpl.nasa.gov/mmgis-
aviris/?mission=GEMXx).

In 2025, Earth MRI also conducted a
mining district-scale hyperspectral survey in
northeastern Oklahoma and southern Missouri
to aid mapping and characterization of critical
minerals in mine waste. The selected areas
included the Old Lead Belt and Tar Creek sites,
two legacy lead-zinc mine sites in the Tri-State
Mining District of Oklahoma and Missouri. The
third selected area covered the Pea Ridge iron
oxide apatite-iron oxide copper gold (IOA-
IOCG) deposit in eastern Missouri to better map
REE-bearing minerals in mine waste at the site.
District-scale hyperspectral data were collected
by a commercial vendor using 2.5-m resolution
FENIX (very-near infrared, near infrared and
short-wavelength infrared) and 5.1-m OWL
(long-wavelength infrared) sensors. The two
selected sites in Missouri are already covered
by new high-resolution radiometric data, and
mine waste at all three sites will be sampled and
characterized in detail by the Oklahoma and
Missouri geological surveys.

Earth MRI geophysical publications in
2025. In addition to the new data collection
described above that was initiated in 2025,
USGS scientists published data through USGS
ScienceBase (https://www.sciencebase.gov/
catalog/) from 10 different Earth MRI airborne
geophysical surveys that were initiated between
2022 and 2024. Newly published magnetic-
radiometric surveys cover the entire island of
Puerto Rico (Shah et al., 2025b) and more than
100,000 km? (more than 38,000 sq miles) of the
conterminous United States, including parts
of Maryland, Pennsylvania and West Virginia
(Appalachian transect survey, Shah et al., 2025c¢);
northern Florida and southern Georgia (Trail
Ridge region survey, Gustafson et al., 2025b);
northern Arkansas and southern Missouri (U.S.
Geological Survey, 2025¢), central Colorado
(Central Mineral Belt, U.S. Geological Survey,
2025d), northern Colorado and southern
Wyoming (Sierra Madre-Elkhorn-Medicine
Bow Mountains, U.S. Geological Survey, 2025¢),
southeastern Arizona (Scheirer et al., 2025),
west-central Utah (Schermerhorn and Phelps,
2025), and western Montana (Boulder batholith,
Anderson et al., 2025). More than 11,000
line km (more than 6,800 miles) of airborne
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electromagnetic data were also published from
the first phase of a regional survey parts of the
Great Basin in Nevada, Oregon and California
(U.S. Geological Survey, 2025f). The Alaska
Division of Geological and Geophysical Surveys
published two additional Earth MRI airborne
geophysical surveys that were conducted in
Alaska (Fusso et al., 2025a and 2025b), and

the Alaska magnetic-radiometric surveys were
integrated into an updated version of a merged
regional data set containing all available high-
quality airborne magnetic data across a broad
swatch of the central part of the state (Murchek
et al.,2024).

Earth MRI-funded scientists also published
journal articles highlighting the new airborne
geophysical and selected applications for
geological mapping and mineral system mapping.
Walter et al. (2025) presented new data from
a high-resolution magnetic-radiometric survey
over porphyry copper districts in southwestern
Arizona (Scheirer et al., 2025). During review
of the aeromagnetic data, the authors noticed
a distinct negative magnetic anomaly in the
data with a maximum amplitude of —9,500
nanoTeslas (nT). The anomaly, named the
Mammoth magnetic anomaly because of its
proximity to Mammoth, AZ, is part of a broader
northwest-southeast trending feature that is
2.5 km by 1 km wide. Field measurements over
the observed anomaly confirmed its presence
and retuned extremely low values as high
as 46,000 nT (Walter et al., 2025). The rocks
that contribute most strongly to the magnetic
anomaly are not exposed at the surface, and field
observations suggest that the magnetic feature
is caused by strong remanent magnetization
within fine-grained magnetite hosted in locally
altered Proterozoic schist. Similar anomalies are
rare worldwide, but in at least one location in
Australia a comparable anomaly is thought to
be formed by hydrothermal alteration that also
produced significant gold mineralization (Sexton
et al., 1995). The geologic causes and potential
association of mineralization associated with
the Mammoth, AZ, anomaly requires additional
geologic mapping and field investigation,
but the observations highlight the utility of
high-resolution airborne geophysical data in
identifying bedrock geologic features that might
not have been recognized previously or might be
concealed beneath shallow cover.

Shah et al. (2025b) and Gustafson et al.
(2025a) published new papers highlighting
the utility of airborne radiometric data for
mapping geologic and mine waste features at
different scales. Radiometric surveys measure
natural, low-level radioactivity (gamma rays)
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emitted from minerals at or just beneath the
ground surface. The technique was used across
the country in the 1970s during the National
Uranium Resource Evaluation (NURE), but
the NURE radiometric and associated magnetic
data were collected along widely spaced flight
lines and, thus, are not well suited for detailed
geologic or mineral system mapping. Only a
limited number of higher-resolution radiometric
surveys were flown across the United States in
subsequent years, covering about 1 percent of
the nation (Figure 7 of Shah et al.,2025b). Since
2019, all Earth MRI high-resolution airborne
magnetic surveys have also collected radiometric
data, though survey design is optimized for
the magnetic data. The radiometric data are a
useful addition to the data set because they can
directly map distinctive mineral assemblage at
the surface. In some cases, such as heavy mineral
sands, those strong radiometric signatures
correspond to minerals enriched in REEs and
can be used to delineate possible deposits of
REEgs, titanium and (or) zirconium (Shah et al.,
2021). In other areas, the radiometric data can
be used to detect REE mineralization associated
with carbonatites (Magnin et al., 2023) or other
alkaline igneous intrusions (Wang et al., 2023).
Gustafson et al. (2025a) showed that
conventional airborne radiometric methods can
be augmented by a low-altitude, drone-based
method to map and characterize more detailed
features such as mine waste features. At two
legacy mine sites in New Mexico, drone surveys
were flown 2 to 5 m above ground and with
tighter line spacing over waste rock, tailings, and
stockpile areas. The drone surveys alone were able
to resolve features as small as a few meters to tens
of meters that were enriched in the radioelements
potassium, thorium and (or) uranium by up to 10x
background. Radiometric concentrations between
different survey sites compared favorably with
geochemical trends from samples analyzed from
the same sites, but the study also shows that
certain mine waste types, particularly waste rock,
showed wider variations. Despite the variations,
the overall outcomes suggest that radiometric
data collected at multiple scales can help map
characteristics and, particularly, heterogeneities of
mine waste features, especially when conducted
in tandem with systematic ground-based sampling
methods (for example, Campbell et al., 2025). At
the scale of an individual mine site or waste pile,
drone-based radiometric data can distinguish
compositional variations that are directly linked
to the host mineralizing system, whereas data
collected by airborne surveys might not be able
to resolve the features at the same level of detail,
if at all. ®
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Conclusion

Through the various activities and outcomes
described above, the USGS Mineral Resources
Program and its partners contribute to a better
understanding of our national critical mineral
resources and provide essential information
about global mineral supply chains. Critical
minerals research and assessment remain key
components of the overall USGS mission.
The systematic nationwide collection of high-
quality geoscience data, innovations in data
integration and analysis delivery, and emphasis
on data delivery and accessibility to the public
help ensure that the USGS meets its legislative
mandates, facilitates data-driven natural resource
management and policy, and supports decision-
makers at all levels.
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