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Abstract

This report presents a novel conceptual framework and
approach for conducting a geologically based environmental
assessment, or geoenvironmental assessment, of undiscovered
uranium resources within an area likely to contain uranium
deposits. The framework is based on a source-to-receptor
model that prioritizes the most likely contaminant sources,
contaminant pathways, and affected environmental media
for three common uranium extraction methods—open pit or
underground mining with milling and in situ recovery (ISR).
Data on regional geology, hydrology, and climate, as well as
historical uranium mining and milling records are used to esti-
mate the probable amounts of waste rock, tailings, wastewater,
surface land disturbance, and subsurface aquifer disturbance
for likely mining methods. Constituents of concern that might
take the form of leachates, dust, radon, and sediments formed
by chemical and physical weathering are also identified in the
geoenvironmental assessment. Finally, areas where constitu-
ents of concern are likely to occur and persist in air, land,
surface water, and groundwater are indicated by the potential
for dispersion of dust by wind, accumulation of radon because
of air stagnation, dispersion of sediments and wastewater
by runoff, and infiltration of wastewater or leachates with
consideration of the likely mobility of contaminants in surface
water and groundwater. The geoenvironmental assessment
output can be summarized in the following primary products:
(1) a descriptive geoenvironmental model; (2) maps and
statistics of variables that indicate the potential for constituents
of concern to occur and persist in air, land, surface water, and
groundwater within a tract that is geologically permissive
for the occurrence of uranium; and (3) tables providing
estimated or indicated quantities of waste rock, tailings,
wastewater, dust, and radon emissions that could be associated
with undiscovered uranium resources, if extracted, for each
permissive tract. The uranium geoenvironmental assessment
could help natural resource managers to prioritize and (or)
identify (1) important potential contaminant pathways,

(2) management practices required depending on the types of
constituents that could be of concern, (3) areas for response

in the event of accidental release, and (4) future directions

for study. Furthermore, indicators of rock and water volumes
potentially associated with an undiscovered uranium deposit
may be evaluated to make quantitative comparisons of water
required for uranium production or potential waste products
generated during uranium extraction from areas permissive for
uranium resource occurrence throughout the United States.

Introduction

Nuclear power remains an important option for domestic
energy production and is expected to generate approximately
16 percent of energy in the United States in 2040 with a consid-
erably lower carbon footprint than fossil fuels (U.S. Energy
Information Administration, 2015). Uranium is used to make
the fuel for nuclear power generation. Uranium resources in
North America occur as unconformity-related, quartz-pebble
conglomerate, sandstone, volcanic, and phosphorite types of
uranium deposits. Most of these uranium deposit types are
concentrated in separate well-defined metallogenic provinces
including the Colorado Plateau, Rocky Mountain and Inter-
montane Basins, Gulf Coast, Basin and Range, and Florida
Phosphorite Uranium Provinces (Finch, 1996). Uranium has
been mined in the United States since the late 1800s. Two
major uranium booms took place in the United States. The
first uranium boom was in the early 1960s, and the second
was in the 1970s. In 1981, production was approximately
14,800 metric tons of uranium oxide (U,O,) equivalent with an
average price of more than $34 per pound (U.S. Environmental
Protection Agency, 1995). Most of the uranium extraction
took place using open pit and underground mining followed
by milling, as well as in situ recovery (ISR) operations. In the
early 1980s, production of uranium abruptly declined owing to
lessening demand and a fall in price. As a result, many of the
uranium mining and milling companies that were operating
at the time shut down operations. The uranium mining
and milling operations, in some cases, resulted in adverse
environmental effects.
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Environmental Health Impacts of Historical
Uranium Mining and Milling

Environmental effects can result from any step of the
uranium resource development life cycle and are mainly
derived from two sources: (1) active mining and processing
activities and (2) wastes from those activities (U.S. Environ-
mental Protection Agency, 1995). Documented effects include
contamination of groundwater or surface water (for example,
elevated concentrations of trace elements and radionuclides
above background levels), acid mine drainage, localized
reduction of groundwater levels, offsite dust transport, and
impaired populations of aquatic and terrestrial biota (National
Research Council, 2012).

Environmental effects vary according to mining method.
Open pit mining activities create surface disturbance and may
result in increased erosion of contaminants by wind and water.
Dewatering operations conducted for open pit and underground
mining may create groundwater depressions that may persist
after mining ceases (Younger and others, 2002; Younger, 2006).
Environmental effects owing to ISR operations are primarily
related to bringing toxic contaminants to the surface or
mobilizing them in groundwater (National Research Council,
2002). Mill tailings and associated radionuclides are thought
to be a major contributor to the environmental effects on air,
land, surface water, and groundwater (U.S. Environmental
Protection Agency, 1995). The environmental effects and
waste from historical uranium mining and milling are often
referred to as legacy environmental impacts. The effects of
these activities, however, depend on site-specific conditions,
contaminant migration, and the effectiveness of efforts
to mitigate and control potential chronic or acute effects
(National Research Council, 2012).

Note that in the past, some of the environmental hazards
resulted from uranium mining and milling standard practices
that generally are not acceptable today (U.S. Environmental
Protection Agency, 1975, 1983; Abdelouas, 2006; National
Research Council, 2012; Agency for Toxic Substances and
Disease Registry, 2013). When uranium mining, processing,
and reclamation methods are designed, constructed, operated,
and monitored according to modern international best prac-
tices, near- to moderate-term environmental effects specific
to uranium mining and processing could be substantially
reduced (U.S. Environmental Protection Agency, 1995;
National Research Council, 2012). In many cases, however,
the long-term efficacy of restoration and remediation practices
is not fully understood. For example, predictive modeling
demonstrated that the released radon and deposition of
contaminated dust on land surfaces remained as long-term
pathways for inhalation and ingestion exposures (Camus and
others, 1999; Abdelouas, 2006). Some studies have shown
that uranium mining has affected water quality and quantity
in the Grants Mineral Belt (U.S. Environmental Protection
Agency, 1975). Other studies have shown that even if water
quantities available in the aquifer return to pre-mining levels,
water quality would not be fully restored to pre-mining

levels for long periods of time (Younger and others, 2002;
Younger, 2006). These studies indicate that assessing the
future potential effects of multiple combined uranium mining
and milling activities may be challenging. The potential offsite
(non-occupational) adverse health effects related to modern
uranium mining practices remain an area of great uncertainty
(National Research Council, 2012).

Assessing the Potential Environmental Aspects
Related to an Undiscovered Uranium Resource
Assessment

Typical environmental assessment approaches are chal-
lenging to apply to an undiscovered mineral resource because
it is an undeveloped, unexplored mineral resource or ore body
whose location is unknown. The U.S. Geological Survey
(USGS) has developed a three-part mineral resource assess-
ment methodology to assess the number of likely deposits, the
amounts of undiscovered mineral resources (such as uranium),
and the areas geologically permissive for the mineral occur-
rence (Singer, 1993); however, there is no existing method
for assessing the associated potential environmental effects
of developing an undiscovered mineral resource. Although
uranium deposits may be technically accessible, the actual
availability of these undiscovered deposits for development
depends on economic feasibility as well as societal evaluations
of likely changes to air, land, surface water, and groundwater
associated with the extraction and consumption of uranium
resources (National Research Council, 2002; U.S. Geological
Survey, 2007). Toward that goal, an approach is needed to
assess how the complex life cycle of occurrence, formation
processes, extraction methods, and waste products of an
undiscovered uranium resource could affect or be affected by
geology, landscape, hydrology, and climate. An assessment
of the environmental aspects of an undiscovered uranium
resource could be used in planning for evolving and unantici-
pated future uranium resource requirements within the broader
environmental perspective of sustainability (U.S. Geological
Survey, 2007).

Purpose and Scope

The purpose of this report is to discuss the development
of a conceptual framework and approach for conducting
a geologically based environmental assessment (geoenvi-
ronmental assessment) of undiscovered uranium resources.
The rationale for and the approach, steps, and outcomes of
a geoenvironmental assessment are presented. A glossary is
also included.



Background

Existing Environmental Assessment Approaches

Few, if any, environmental assessment approaches are
directly applicable to an undiscovered uranium resource. Many
of the existing approaches are either (1) retrospective and
used to delineate the effects from historical mining or milling;
(2) site-specific, where local characteristics are known and
one or more mining or milling configurations are well defined;
or (3) probabilistic, without necessarily accounting for all
site-specific factors that influence effects. National-scale,
retrospective investigations are often aimed at understanding
the quantities of waste associated with historical mining and
milling (Younger, 2006; Mudd and Diesendorf, 2008; Mudd,
2014) and (or) predicting future scenarios of waste production
(Schneider and others, 2010, 2013). Site-specific, retrospective
studies are often focused on characterizing contamination
from legacy uranium mining and locating the sources of
contamination through sampling of water, sediment, soil, and
air (U.S. Environmental Protection Agency, 1975, 1995, 2000,
2008b; International Atomic Energy Agency, 2005). Often-
times, these site-specific, retrospective studies are conducted
to prioritize remedial actions on the basis of a given criterion,
such as human health (U.S. Environmental Protection Agency,
2000; Batista and others, 2005). Yet, other times, site-specific
environmental assessments are performed prior to develop-
ment to identify potential impacts given a specific scenario
or set of scenarios of development at a given location or set
of locations (Organisation for Economic Co-operation and
Development, Nuclear Energy Agency, 2000; International
Organization for Standardization, 2006a,b).

Many of the pre-development uranium environmental
assessments are part of site-specific environmental assess-
ments (EAs) or environmental impact statements (EISs)
prescribed by the National Environmental Policy Act to meet
regulatory requirements for mitigating future environmental
effects as part of the mining permitting process (U.S. Nuclear
Regulatory Commission, 1997, 2009, 2010, 2011a,b, 2014a,b).
EAs or EISs are applied to a known “discovered” deposit to
describe how one or more alternative uranium production
methods (including mine and reclamation design and opera-
tion) may affect the specific environmental features of the site.
Some of these features include land disturbance, air emissions,
wastes, water use, noise, endangered species, and critical
habitats. The local (site-specific or mine-scale) environmental
assessment is performed prior to the mine-design phase and
typically involves the acquisition of new data.

Retrospective and mine-scale environmental assessments
are performed in an area in which the location of the deposit
is known and the environmental attributes are delineated on
a local scale. Methods for assessing the retrospective effects
of historical mining operations and predicting future envi-
ronmental effects at a specific site (local scale) are relatively
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well established in comparison to predicting environmental
effects of future mining and milling of undiscovered uranium
resources, where the locations of the deposit and the mine
(and, therefore, the distance between the potential contaminant
sources and the air, land, water, and biological receptors)

are not known.

Challenges to Conducting an Environmental
Assessment of an Undiscovered Resource

Conducting an environmental assessment of undiscovered
mineral deposits is challenging for several reasons: (1) the
site-specific location of a future mine or mill is unknown,

(2) the environmental effects change throughout the life cycle
of development, (3) management practices may differ in
response to regulations that may vary by political boundary and
jurisdiction and may change over time, and (4) the specific mine
design and management practices are unknown. By definition,
the actual locations of the undiscovered uranium deposits,

and therefore the mine and mill locations (where the deposit
will become productive), within permissive uranium resource
tracts (areas in which the geologic features are favorable for the
formation of a uranium deposit) are unknown, and the estimated
number of deposits is probabilistic (Singer and Menzie, 2010).
Although some assessment approaches such as stochastic or
Monte Carlo simulations could randomly locate a potential
mine site and the probability distribution of all the potential
environmental effects could be summed within an area defined
by a polygon (Haines and others, 2014), this method does not
take into account all site-specific or local attributes that are
critical to assessing potential environmental effects or the causes
of the potential contamination. Because extent and magnitude
of contamination depend on highly variable site-specific factors
(U.S. Environmental Protection Agency, 1995), a Monte Carlo
based approach is difficult to apply for the assessment of
potential future environmental effects.

Because the locations of undiscovered uranium deposits
(and thus, mines) are unknown at the time of assessment,
the key variables (such as the extent of deposit, proximity to
environmental media [air, land, and water], local topography,
and hydrologic characteristics) that contribute to the potential
for environmental effects are also somewhat uncertain
(U.S. Environmental Protection Agency, 1995). The arcas
geologically permissive for the formation of undiscovered
uranium resources are known at a regional scale, yet the poten-
tial environmental effects often are linked to a local source,
thereby making the assessment of future environmental effects
less certain at a regional scale.

Regardless of location, predicting the potential environ-
mental effects of future mining is challenging because the
effects tend to vary throughout the life cycle (from pre-mining
to mining and milling to remediation and closure). Naturally
occurring elevated concentrations of some contaminants may
be present in water, land, and possibly air prior to mining, and
some contaminants may be released to these media because
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of mining and milling. Some changes to the environment as a
result of mining and milling may be remediated and reclaimed
promptly to near baseline conditions, whereas others may
persist for longer periods.

In addition, knowledge of the legacy environmental

effects derived from studying the consequences of historical
uranium mining and milling may not always be applicable
to future operations because most historical uranium mining
predated many environmental regulations. Future mining
of uranium may likely use different technologies and
management practices than those used in the past and may
be conducted under an evolving environmental regulatory
framework; both possibilities may result in environmental
effects that differ from those resulting from historical mining.
Limited information is available regarding the long-term
environmental effects of modern uranium mining, milling,
and reclamation practices (National Research Council,
2012). Furthermore, environmental regulations may change
and may vary by location, depending on national, State, and
local regulations, as well as waste disposal practices and the
availability of disposal sites.

Finally, many adverse environmental effects resulting
from historical mining were due to design flaws, improper
construction, mismanagement, or catastrophic events
(International Atomic Energy Agency, 2004; National
Research Council, 2012), which are difficult to predict.

In fact, the mine management plan, mine configuration,
amount of water recycled during mining, and reclamation

and restoration practices are virtually unknown at the time of
an assessment of undiscovered uranium resources. Common
environmental effects could potentially be mitigated through
engineering controls or best management practices prompted
by environmental regulations imposed by national, State, and
sometimes local governments (U.S. Environmental Protection
Agency, 1995). Looking beyond the reliance on such mine
system design and controls, best practices, or management
schemes, which are often implemented for a relatively short
term (<100 years), the perpetual time scale of the disturbed
site needs to be considered in the environmental assessment of
undiscovered uranium resources. These above considerations
favor a geologically based environmental assessment, termed
here a geoenvironmental assessment, based not on the planned
mine design and management aspects but the natural geologic,
hydrogeologic, and climatic settings.

The Proposed Geoenvironmental
Assessment Framework for
Undiscovered Uranium Resources

The geoenvironmental assessment framework
for undiscovered uranium resources was developed by
(1) creating a conceptual model of potential environmental
effects from uranium extraction that can be consistently

applied to various deposit types and mining methods across the
United States; (2) establishing the geoenvironmental assessment
goals; (3) establishing the geoenvironmental assessment scope
by prioritizing exposure pathways, contaminant transport
pathways, and wastes that contribute to the occurrence and
persistence of contaminants of concern; and (4) proposing

an assessment approach that links the geoenvironmental
assessment to a uranium resource assessment and a biological
resource assessment, which are outside the scope of this study.

Conceptual Uranium Source-to-Receptor Model

The conceptual model for the uranium geoenvironmental
assessment is a source-to-receptor model (fig. 1) that is based
on consideration of potential environmental health aspects.
Several summaries were reviewed to provide a synopsis of the
attributes of a uranium extraction life cycle that could poten-
tially lead to environmental health effects (U.S. Environmental
Protection Agency, 1975, 1983, 1985, 1995; Abdelouas,

2006; National Research Council, 2012; Agency for Toxic
Substances and Disease Registry, 2013). According to the
U.S. Environmental Protection Agency (EPA; 1983), priority
exposure pathways to human populations living at some
distance away from individual mines include the following:

* Inhaling windblown dust;
* Inhaling radon;

 Drinking water containing arsenic, molybdenum,
radium, selenium, uranium, and other regulated con-
taminants of concern; and

+ Eating food exposed to airborne or waterborne con-
taminants (possibly irrigated with contaminated water
or exposed to windborne contaminated dusts).

Entry of soluble forms of uranium through a cut or other
skin disruption could also occur; however, dermal absorption
through intact skin is not considered as significant (National
Research Council, 2012). Additional environments in which
humans could be at risk to these exposure pathways reported
by the EPA not considered here include homes built on land
covered by mine wastes and the use of uranium mill tailings
in offsite construction (U.S. Environmental Protection
Agency, 1983, 2008a).

The exposure pathways of potential contaminants are the
same for humans and animals, but some pathways are more
dominant than others. The exposures can occur onsite at a
mine or mill or offsite. Biological receptors can be exposed
to any of the surface onsite contaminant sources (disturbed
land surface, waste rock and tailings, wastewater) or disturbed
subsurface aquifers (tapped by a drinking water well or
spring). The onsite exposures of greatest importance from a
human health perspective are occupational exposures within
mines and enclosed processing facilities, primarily involving
inhalation of radon or dust (National Research Council, 2012).
Onsite dermal and ingestion exposures can also occur for
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Flow chart showing the conceptual source-to-receptor model for development (that is, mining and milling) of undiscovered

uranium deposits. Modified from Agency for Toxic Substances and Disease Registry (2013). The processes and components within the
dashed box form the basis of the conceptual model for the geoenvironmental assessment. Unshaded rectangles are components in the
geoenvironmental assessment. Orange trapezoids indicate the mining methods. Pink ovals indicate potential contaminant sources. Brown
stadium shapes indicate the weathering processes. Green parallelograms indicate potential contaminant forms. Light blue rectangles
indicate the potential for erosion and movement of contaminants. Gray rounded rectangular shapes are the environmental media

that may be affected (air, land, and water). Yellow and unshaded hexagons indicate components that are outside of the scope of the
geoenvironmental assessment. (AMD, acid mine drainage; H,0, water, 0,, oxygen gas; CO,, carbon dioxide gas; ISR, in situ recovery).

animals (such as birds, small mammals, amphibians, or reptiles)
that could enter the mine or mill sites where wastewater and
rock are stored. Onsite exposure pathways for wildlife include
ingestion of contaminated water from surface ponds and inci-
dental ingestion of soils and sediments (Hinck and others, 2010;
National Research Council, 2012). Exposures to contaminants
can occur at some distance away from the mine and mill sites if
the contaminant migrates away from the contaminant sources
through weathering and erosion. Important exposure pathways
within offsite ecological resources are anticipated to occur by
means of surface water because of the potential for the entry of
wastewater and waste rock into streams (National Research

Council, 2012). Offsite exposure for humans and animals can
occur through (1) the transport of dust and radon, (2)
consumption of contaminated water or food, (3) incidental
ingestion of soil or sediment that contains contaminants
including radionuclides, or (4) gamma radiation given off by the
radionuclides in the contaminated materials (National Research
Council, 2012).

These documented historical environmental effects suggest
that uranium mining, processing, milling, and reclamation
have the potential to affect surface-water quality and quantity,
groundwater quality and quantity, land quality, air quality,
and biota. Although the health and environmental effects of
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mining are not well understood despite the existence of more
than 3,000 active and inactive mines (U.S. Environmental
Protection Agency, 1983), reviews of historical studies indicate
that biological receptors could be affected by development

of an undiscovered uranium resource when the following
events occur:

1. discovery of a uranium deposit that is accessible and
economic to develop;

2. extraction of uranium from the deposit through mining
and milling or ISR methods that results in creation of
contaminant sources (waste rock, tailings, wastewater,
leachates, disturbed land surface, disturbed aquifer in the
subsurface, radon, and dust), depending on the extraction
method employed;

3. contaminant release and transport through weathering—
physical and (or) chemical-—and erosion from the onsite
source(s) to the onsite and offsite environmental media
(surface water, groundwater, land, and air);

4. partitioning or persistence of the contaminant in an
available fraction of the environmental media (surface
water, groundwater, land, and air);

5. exposure of the biological receptor to a bioavailable
fraction of the contaminant in the environmental media;

6. Dbiological uptake of the bioavailable fractions of the
contaminant(s); and

7. occurrence of health effects if the usage rate, uptake rate,
and dose are beyond thresholds.

Event 1 is the basis of a uranium resource evaluation;
events 2 through 4 form the basis for the uranium geoenvi-
ronmental assessment approach (within the dashed box in
fig. 1), which is a portion of the simplified process-oriented
source-to-receptor model. The potential for events 2 through
4 to proceed will provide insight into the ultimate likelihood
of some environmental changes, which vary by site and
region, as a result of uranium extraction. Events 5 through 7
are components of the biological resource assessment, which
is outside the scope of the geoenvironmental assessment;
however, by using the entire source-to-receptor model, salient
questions may be formulated that facilitate identifying critical
factors that may ultimately contribute to human and animal
exposures.

For each tract that is permissive for uranium resource
occurrence, answers to four questions may be explored.

1. What contaminant sources or wastes, including their
quantities and compositions, are likely to form as a result
of uranium mining and milling?

2. Where do factors related to climate, hydrology, and
geology indicate the potential for offsite migration
(by means of weathering, aqueous transport, and
erosion) of contaminants?

3. Where do climatic, hydrologic, and geochemical factors
of a potential offsite environmental medium (land,
surface water, groundwater, air) indicate the potential for
a contaminant to persist and be available for biological
ingestion, inhalation, or dermal exposure?

4. Who lives in the places where exposures may occur?

Questions 1 through 3 may be answered by the geoen-
vironmental assessment (outlined in fig. 1) and feed into a
biological resource assessment that can be used to answer
question 4.

Uranium Geoenvironmental Assessment Goals,
Objectives, and Scope

The goal of the uranium geoenvironmental assessment is
to evaluate the inherent attributes of the undiscovered uranium
resources, mining history of known resources within a region
and their probable geologic, hydrologic, and climatic settings
to identify areas in the environment where contaminants of
concern are more likely occur and persist and where biological
exposures are possible. Specifically, the objectives are to
understand (1) the range of indicators of the quantities of
waste rock, wastewater, dust, radon, disturbed land surface,
and disturbed subsurface aquifer associated with a an undis-
covered resource; (2) the intrinsic geologic, hydrologic, and
climatic characteristics in the region that increase the relative
potential for particle and contaminant release on the basis of
the expected properties of wastes (composition and solubility)
and erosional agents (wind and precipitation); and (3) the
attributes of the air, land, surface water, and groundwater that
increase the availability and mobility of contaminants. This
information may yield insight into potential exposure path-
ways to humans and wildlife because the exposure to chemical
and radiation hazards is affected by the surrounding environ-
ment (Hinck and others, 2010). This information may be used
to identify areas where additional design and management
practices may better safeguard the environment and identify
opportunities for beneficial reuse and recycling of waste.

Geoenvironmental Assessment Scope

The scope of the geoenvironmental assessment is part of
the source-to-receptor model within the dashed box in figure 1.
The scope includes these priority parameters: (1) mining
and milling methods; (2) near-surface contaminant sources;
(3) weathering processes and their likelihood to release
contaminants of concern; (4) erosion, dispersion, and transport
processes; and (5) geochemical factors that contribute to
the partitioning of contaminants to bioavailable fractions in
environmental media (air, land, and water). Other parameters
may also be important, but are not considered in the scope
described herein.
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Priority Mining and Milling Methods Considered

Historically, uranium has been mined using several
methods (Nicholas, 1992) that can be broadly categorized as
surface mining, underground mining, and ISR. The spatial
characteristics of the deposit (size, shape, attitude, and
depth) and the physical properties of the mineral deposit and
surrounding rock limit the method that can be employed to
mine a deposit (Morrison and Russel, 1973). Generally, surface
mining methods (such as open pit) have been used to extract
near-surface deposits (less than 500 feet deep) (Morrison and
Russel, 1973). If the depth of a deposit is such that removal of
overburden makes surface mining unprofitable, underground
methods may be considered. ISR methods were developed
to exploit groundwater-saturated, sandstone-hosted deposits
(Abzalov, 2012). In order to employ ISR, the deposit should
be in a confined aquifer with permeability sufficient to support
reasonable rates of injection and withdrawal of fluid, and the
associated minerals should be soluble. ISR-amenable uranium
deposits are often characterized by (1) an underlying imperme-
able confining layer; (2) typical grade of U,O,, ranging from
0.01 to 0.05 percent; and (3) a ratio of vertical to horizontal
permeability of about 10 to 1 (International Atomic Energy
Agency, 1989). For the purposes of this assessment, only the
following three broad, general classifications of mining will be
considered:

» ISR: Depths between 200 and 1,000 feet for saturated,
sandstone-hosted deposits only;

* Open pit: Depths less than 500 feet;

» Underground: Depth of deposit greater than or equal to
500 feet.

Priority Near-Surface Potential Contaminant
Sources (Wastes)

Only a small portion of the water and rock extracted
during mining is valuable; the remainder is considered waste.
Depending on the mining method, the potential contaminant
sources are the near-surface expressions of the extracted water
and rock along with surface and subsurface disturbances.
Within and above the host formation, the undisturbed
uranium deposit naturally contains rocks consisting of
uranium minerals surrounded by host gangue minerals and
usually water (if it is a water-saturated deposit). During
open pit and underground mining, the overburden and waste
rock (low-grade ore) is removed from the host deposit to
access the uranium ore. The waste rock and overburden
represent the greatest amount of waste generated during
mining (U.S. Environmental Protection Agency, 1985). The
amount of water associated with a deposit and (or) mine
that must be removed to facilitate mining varies from mine
to mine (U.S. Environmental Protection Agency, 1985).
During ISR, the uranium is dissolved in place in the aquifer
without removing the uneconomic rock in the ore zone; the

water enriched in dissolved uranium is then extracted to the
surface. Underground and open pit mining may also require
dewatering, whereby groundwater in contact with the uranium
deposit may be pumped out and stored at the surface in ponds
or used in the mill (U.S. Environmental Protection Agency,
1985). Likewise, during ISR, water is often pumped out of
the aquifer to maintain an inward hydraulic gradient (“aquifer
bleed”) and stored in ponds at the surface. Subsequently,
during groundwater restoration, several pore volumes of water
may be removed, some of which is stored and ultimately
disposed in deep wells or recirculated in the aquifer until
groundwater restoration ceases (International Atomic Energy
Agency, 2005; U.S. Nuclear Regulatory Commission, 2009).
In saturated deposits, the subsurface aquifer may be disturbed
both physically and geochemically for open pit, underground,
and ISR mining methods.

Uranium ore from an open pit or underground mine
is sent to a mill. Milling of ores from a conventional
underground or open pit mine includes the following steps:
crushing, grinding, tank leaching, solid-liquid separation,
solution purification, and precipitation of a concentrate
(U.S. Nuclear Regulatory Commission, 1980). The uranium
recovery or milling process chemistry is primarily determined
by the deposit type and host-rock mineralogy, specifically
the presence or absence of appreciable amounts of carbonate
minerals (National Research Council, 2012). If carbonate
minerals are sufficient to cause acid consumption of greater
than 75 to 100 kilograms per metric ton of ore, then carbonate
leaching (using sodium carbonate [NaCO,] or sodium bicar-
bonate [NaHCO,]) is used instead of acid leaching (usually
using sulfuric acid [H,SO,]). In other words, the host rock has
the greatest effect on process choice, except in the case of very
high-grade deposits (>5 percent U,O,) (National Research
Council, 2012). The primary waste generated during milling
is a sediment slurry containing combined solid and liquid
wastes also referred to as mill tailings. Within the mill tailings,
radon-222 is generated from the uranium-238 decay chain. In
contrast, the ISR process does not extract rock that is sent to a
mill to be ground and leached; rather, the uranium extraction
takes place within the aquifer and leaves the leached rock
in place within the aquifer following mining (International
Atomic Energy Agency, 2005; U.S. Nuclear Regulatory
Commission, 2009).

A simplified depiction of the waste rock, wastewater, and
tailings and surface and subsurface disturbance associated
with ISR, underground, and open pit uranium mining is
shown in figure 2. The rock, tailings, and water stored at the
surface, along with disturbed land surface and aquifers, are the
sources of contaminants that vary depending on deposit type
and mining method. The amounts of waste rock, wastewater,
tailings, dust, radon, disturbed deposit (in open pit), and
subsurface disturbance vary according to the total quantities of
rock and water associated with the deposit. The near-surface
disturbance considered here includes only the disturbance
associated directly with extraction of the ore deposit. Some
aspects of disturbance typical of other mining or industrial
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A. ISR

Wastewater Mine profile Tailings Waste rock Land-surface disturbance Subsurface-water disturbance
\v4 (plan view) (plan view)

B. Underground

C. Open pit

EXPLANATION
Wastewater
Tailings

Waste rock
Overburden
Uranium deposit
Disturbance

Equipotential lines

<HO0000O0

Water surface

Figure 2. Schematic diagram of tailings; waste rock, that is, protore or subeconomic ore; overburden; and wastewater for three
uranium mining methods: A, in situ recovery (ISR), B, underground, and C, open pit (surface) mining.
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facilities (such as operation and maintenance, administrative
or processing facilities, domestic or industrial water use and
disposal of associated wastewaters, solid waste and wastewater
management, infrastructure, or roads) are not considered here.

Priority Contaminants of Concern

The priority contaminants of concern are assessed by
considering (1) the composition and near-surface expression
(or form) of the rock and water associated with the deposit
and (2) the surficial weathering environment. The term
“potential geoavailability” refers to the relative likelihood
of a release of constituents from their original mineral form
by weathering and is based on how easily that weathering
may occur. Specifically, geoavailability “is that portion
of a chemical element’s or a compound’s total content in
an earth material that can be liberated to the surficial or
near-surface environment (or biosphere) through mechanical,
chemical, or biological processes” (Smith, 2007). Geoavail-
able contaminants are essentially those that may lead to
biological exposures within the mine or mill site or may be
transported offsite. The actual contaminants of concern and
their concentrations may vary as a function of deposit type,
mineralogy, solubility, grade, and weathering. Constituents
could be released in the form of wastewater, leachate
(drainage), dust, sediment, or radon from a potential uranium
mine or mill site. The likely constituents of concern vary by
region and deposit type. The total amount of rock and water
associated with the undiscovered uranium deposit that forms
the basis of these waste sources is assessed as part of the
geoenvironmental assessment.

Elements Associated With Uranium Mining and Milling

Uranium is the primary element associated with uranium
deposits. Because uranium is a radioactive element, however,
the other elements formed from its radioactive decay must also
be considered. Naturally occurring uranium is composed of
three major isotopes: uranium-238 (99.2739-99.2752 percent
natural abundance), uranium-235 (0.7198-0.7202 percent),
and uranium-234 (0.0050—0.0059 percent). The most
prominent decay products result from the uranium-238 decay
chain because uranium-238 is the most abundant isotope.
Radium-226 (half-life of 1,600 years) and thorium-230 (half-life
of 77,000 years) are the most persistent of the elements in
the uranium-238 (half-life of 4.5 billion years) decay chain
(U.S. Department of Energy, 2001). Radium-226 is of special
interest for inhalation exposure because it decays to radon-222
(half-life of 3.8 days), which is an inert gas. At times, lead and
polonium (additional uranium-238 decay products) have also
been measured in mine- and mill-related waters (U.S. Environ-
mental Protection Agency, 1983). The release of radon from
waste materials depends on radium activity, moisture content,
porosity, and density of waste rock and tailings (Mudd, 2008).
The amount of radon is generally proportional to quantities of

wastewater ponds, mill tailings ponds, disturbed land, ore piles,
protore (that is, subeconomic ore) piles, and mill tailings piles.

In addition to the radioactive elements, uranium deposits
are often associated with ancillary minerals that contain trace
elements and metalloids such as antimony, arsenic, bismuth,
cadmium, cobalt, lead, molybdenum, nickel, selenium, thallium,
and vanadium (U.S. Environmental Protection Agency, 1983).
Consideration must also be given to the chemicals added during
milling, such as strong acids, bases, salts, or organics.

Contaminants Formed by Weathering by Wind

Waste rock or mill tailings stored on the land surface or
deposits exposed at the surface during open pit mining could be
sources of radon and dust-sized particles, which are subject to
physical transport by wind. The amount of dust formed depends
on the areal extent of the disturbed deposit area, the rock type,
and the amount of waste rock exposed at the surface as well as
climatological factors. Much of the dust caused by an open pit
mining operation consists of fine particles that are generated
from the mechanical disturbance of the deposit from bulldozing,
blasting, and vehicles traveling on dirt roads within the open pit.
The mass of dust emitted may be expected to be proportional to
the area of exposed deposit surface and waste-rock (overburden,
protore, and tailings) piles, and is also dependent upon wind
erosion and dispersion.

Contaminants Formed by Weathering by Precipitation

Chemical weathering by precipitation of waste rock and
mill tailings stored at land surface and deposits exposed at
land surface may produce metal- and radionuclide-enriched
leachates, depending on the mineralogy of the deposit and
the expected mineral solubility upon exposure to oxygen
and precipitation. In cases where sulfides are an important
constituent of the waste rock or tailings, precipitation and
oxygen may cause the leaching of uranium and other trace
elements. Weathering could also produce acid mine drainage
(AMD) in the absence of acid-neutralizing minerals (such as
carbonates) if sulfides such as pyrite are associated with the
deposit. AMD may form upon oxidation of sulfides, creating
low pH of leachates and a greater potential for mobilization of
radium (and to a lesser extent thorium) and other trace elements.
The potential for AMD depends on the presence of sulfides and
the overall acid-neutralizing capacity of the waste rock.

Factors To Consider in Determining the
Contaminants of Concern

The contaminants of concern that might leach from waste
rock depend on the expected mineral solubility in precipitation.
Contaminants of concern are also present in groundwater that
is in contact with the deposit or in pit lakes that form during
open pit mining. This “mine” water is often pumped out of the
formation during mining and becomes wastewater that is often
stored at the surface. Dust, wastewater, and sediment may be
transported by wind or stormwater runoff, depending on the
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expected particle-size distribution in the stored waste rock and
disturbed lands. Leachable fractions of contaminants in dust
and sediments may persist in surface waters or organisms once
ingested or inhaled, depending on the contaminant’s solubility.
Therefore, an assessment of the expected contaminants of
concern could be influenced by (1) the solubility of expected
waste rock in precipitation and (or) groundwater, (2) expected
particle size, and (3) acid-generating potential.

Priority Erosion, Dispersion, and Transport
Processes for Assessment

The contaminants of concern released from (1) wastewater,
(2) waste rock, (3) the disturbed deposit exposed at the surface,
or (4) the disturbed deposit within the subsurface aquifer may
be transported and redistributed offsite in the near-surface
environment (including groundwater) if they are subjected to
further erosion, transport, and dispersion processes. Erosion and
dispersion processes that lead to (1) surface runoff of sediments,
leachates, and wastewaters to nearby land and surface waters;
(2) infiltration of leachates (including AMD) and contaminated
water into aquifers; (3) wind dispersion of dust; (4) accumula-
tion of radon in air; and (5) transport via groundwater move-
ment need to be assessed to better understand the potential for
the occurrence and persistence of contaminants of concern in

Table 1.

air, land, and water, and thus for the possibility of exposure to
those contaminants. These contaminant pathways are outlined
in table 1.

The transport of constituents to the air, land, surface water,
and groundwater may be affected by the following regional
attributes: geology, climate, and hydrology. Specifically, the
regional geology plays a role in understanding gangue and
ancillary minerals that may affect mine drainage chemistry
and geologic structures that may enhance and limit porosity
and permeability (and thus the subsurface migration of
contaminants). The climate may affect erosion and the evapora-
tive concentration or dilution of the dissolved constituents.
Hydrology may provide an understanding of runoff potential,
depth to aquifers, groundwater movement, and the locations
of recharge zones, aquifers, and surface waters. The priority
indicators of transport of contaminants offsite to surface
water, groundwater, and air likely depend on a combination of
these attributes.

The information in table 1 is based on previous studies
on environmental effects of uranium mining and milling
(U.S. Environmental Protection Agency, 1983, 1985, 1995).
Surface facilities, near surface infrastructure, or activities
related to operation and maintenance, administration, processing
(laboratories, chemical handling), domestic uses (domestic solid
waste generation, domestic wastewater generation, potable

Potential contaminant sources and pathways at uranium mines and mills as a function of mining method.

[Based on previous studies by the U.S. Environmental Protection Agency (1983, 1985, 1995). ISR, in situ recovery]

Contaminant pathway

Contaminant sources Wind su_spended Radm_l Runoff c(::ft::rrl?lt:::t:ior Gt:::::(\;\::::r miﬁﬂ%ll:]:ijl:zd*
particles emanation leachates contaminants
Disturbed deposit at surface
Mine pits at surface X X X X X (0]
Open shafts, tunnels X X U
Well bores, injection and extraction wells X X 0,0,1
Waste rock and other solids
Overburden X X O,U
Ore stockpiles X X X X o,U
Mineralized waste rock X X X X O,U
Subeconomic ore X X X X O,U
Mill tailings X X X X O,U
Pond sludges X X X X 0,U,1
Yellowcake (U,O,) releases X X 0,U,1
Disturbed subsurface aquifer
Pit lake X X X X (0]
Wastewater (from dewatering and ground- X X X X 0,0, 1

water restoration), mill- and mine-impact-
ed water stored in ponds on surface or
discharged to surface waters

‘0, open pit mining; U, underground mining; I, in-situ recovery.
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water use, sanitary sewer treatment, parking facilities), and
transportation are not considered.

Runoff of Sediments, Leachates, and Wastewater

Contaminants derived from waste rock (that is,
overburden, protore, or low-grade ore) and tailings from
underground and (or) open pit mining operations and milling
may degrade surface-water quality if the contaminated (mine
or mill) sediments, leachates, and (or) wastewater enter
the surface waters of the surrounding environment through
either indirect runoff or direct discharge into streams, rivers,
and lakes (National Research Council, 2012). Increases in
the amount of surface runoff may contribute to increases in
sediment loads, which are the products of concentration and
discharge (National Research Council, 2012). Onsite and
downstream surface-runoff effects may be expected to vary,
depending on the type of mining (underground, open pit, or
ISR). Because underground mining results in a smaller area of
deposit surface disturbance than open pit mining, it may cause
a smaller effect on surface water from sediments (both offsite
and downstream) than open pit mining (National Research
Council, 2012). Contaminants most likely are transported
offsite in areas where runoff is likely to occur; that is, where the
potential for erosion resulting from precipitation is probable.
The potential for erosion resulting from precipitation can be
quantitatively evaluated using the rainfall erosivity factor, or
R-factor, which is the product of total storm energy and the
maximum 30-minute intensity (Renard and others, 1997).

The U.S. Department of Agriculture established estimates of
annual erosivity values (R-factors) for sites throughout the
country. Those estimates may be used as surrogate measures
of the effect that precipitation has on erosion at a particular
site (U.S. Environmental Protection Agency, 2012). The
average annual total values of the storm energy and intensity
in a given location constitute the rainfall erosion index (EI) for
the location (U.S. Department of Agriculture, 2002). The EI
represents the R-factor for an extended period of record.

Seepage of Contaminants Into Groundwater and Transport

Groundwater may become contaminated by the
infiltration of (1) contaminants leached by precipitation from
waste rock or waste tailings stored at the surface, (2) spilled
wastewater, or (3) leaked wastewater from surface storage
ponds. In addition, groundwater interactions with subsurface
mineralized rock in saturated deposits can result in elevated
concentrations of contaminants. This latter mechanism is
expected to be important when the ore deposit is exposed to
oxygen in the subsurface either during excavation or when the
deposit is solubilized by ISR lixiviants (leaching solutions),
possibly resulting in the contamination of groundwater outside
the mining zone. On the other hand, leachates or wastewaters
derived from wastes from open pit or underground mining and
milling that are stored at the land surface can enter aquifers
through recharge. Recharge is a complicated process that may
occur in areas where the depth to groundwater is shallow and

where there are no intervening geologic barriers preventing
downgradient contaminant migration. Recharge may also
occur in parts of an aquifer that are characterized by a high
hydraulic conductivity. Groundwater flow through preferential
flow paths, such as karst features (sinkholes, conduits, and
cavernous zones), fractured bedrock, or highly permeable
unconsolidated sediments, also may be become recharge. The
potential for contaminants to reach groundwater increases

in areas where the recharge rates are high. Groundwater
recharge is important for determining the rate at which surface
contaminants can be transported into the aquifer (Scanlon

and others, 2003). State- (Scanlon and others, 2003) and
national-scale (Reitz and others, 2017) datasets have been
developed to better understand areas of groundwater recharge.
This information coupled with the potential for groundwater
flow (indicated by groundwater transmissivity or hydraulic
conductivity) can shed light on the potential for contaminant
transport. Although contaminant transport processes and
factors (for example, retardation factors, available sites for
adsorption, preferential flow paths, full delineation of subsur-
face mineralogy, aqueous species, and presence of microbial
or abiotic reductants) specific to each contaminant of concern
are important factors, the data available to make this assess-
ment are not at a scale appropriate for the regional scale of an
undiscovered uranium geoenvironmental assessment. In any
case, the aqueous contaminants more likely are transported to
groundwater in areas where infiltration is likely to occur and
will be influenced by the flow of groundwater.

Dispersion of Dust in Air

Environmental and human health effects from airborne
particulate exposures depend on several factors, including
chemical composition, concentration, size and shape, and
exposure time. Grain sizes of 2.5 micrometers (PM, ,) or
less and 10 micrometers (PM, ) or less are considered an
inhalation risk (U.S. Environmental Protection Agency,
2013). Dust particles containing constituents of concern
can be mobilized by wind blowing over disturbed deposits
exposed at the surface, ore stockpiles, waste rock, or crusts
formed by evaporation of water from the surfaces surrounding
wastewater storage areas (National Research Council, 2012).
Large particles greater than 10 micrometers (>PM, ) settle
out quickly from the air. The distance that dust might travel
from the source depends on meteorological factors, particle
size, and site conditions, including climate. Meteorological
modeling has been used to estimate the extent of particle
transport under typical wind speeds and directions, as well
as under weather conditions that are both dry and windy, as
indicated by wind speed and rainfall frequency (National
Research Council, 2012). The potential for offsite transport of
dust can be indicated by the atmospheric dispersion potential
of PM, _ or PM, defined by the air quality index (National
Oceanic and Atmospheric Administration, 2017b).
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Accumulation of Radon Into Air

Radon (mainly as radon-222) is emitted from waste
rock (protore, low-grade ore, and mill tailings), wastewater
surfaces, and exposed deposit surfaces that contain uranium-
238 and daughter products such as radium-226. Radon may
quickly dissipate outside an enclosed facility (National
Research Council, 2012, U.S. Environmental Protection
Agency, 1983). In contrast, air circulation that is insufficient
to disperse accumulated contaminants may lead to hazardous
conditions for the inhabitants of an area because airborne
contaminants, such as radon, may accumulate in large amounts
in areas where air stagnates (Wang and Angell, 1999). An
example of these contrasting scenarios was provided in a
recent study that documented an inverse relation between
wind speed and radon concentrations measured in air near

Stagnation Index ‘
August 2017

an ore storage pile at an active underground uranium mine
(Naftz and others, 2020). Therefore, the potential for the
offsite accumulation of radon is higher in areas where the

air stagnation index is higher. Air stagnation occurs in areas
where winds are light so that horizontal dispersion is minimal,
the lower atmosphere is stable, and there is no precipitation.
Air stagnation index maps are created by the National Oceanic
and Atmospheric Administration (NOAA) by calculating the
number of stagnation days in a given month for each grid
point of a 0.25- by 0.25-degree grid across the conterminous
United States; for example, the August 2017 map is shown in
figure 3. The median annual stagnation index can be used in

a geoenvironmental assessment to determine the potential for
radon accumulation.

Mational Cenbers for
Emmonmental
Information

Figure 3. Air stagnation index map for the conterminous United States during August 2017, created by calculating the number
of stagnation days in the month for each grid point of a 0.25- by 0.25-degree grid. From National Oceanic and Atmospheric

Administration (2017a).



Priority Geochemical Processes Affecting
Contaminant Availability

Even if a waterborne or sediment-borne contaminant
travels away from the mine or mill or from the mining zone
into an offsite environmental medium (air, land, surface water,
or groundwater) or if an airborne contaminant is inhaled,
the entire quantity of that contaminant may not be available
for uptake by a biotic receptor. The available fraction of a
contaminant is determined by its physical and geochemical
attributes in air, land, or water, which in turn may indicate the
potential for its mobility and persistence (Smith, 2007; Eberts
and others, 2013). The factors that increase availability vary
depending on the constituent of concern and the geochemical
and physical attributes of the environmental media.

Priority Factors Controlling Availability of Dust
Contaminants in Lungs

The rate of inhalation of airborne contaminants by
humans depends on the particle size of the suspended dust
particle and the solubility of the contaminant of interest
(National Research Council, 2012). Most (>60 percent)
uranium in the blood is filtered in the kidneys and excreted
in urine within 24 hours. Uranium compounds that are
moderately soluble (for example, uranium dioxide and UO,)
and are likely to be associated with the mining waste and mill
tailings tend to be retained in the lungs and tracheobronchial
lymph nodes for many months or years, thereby increasing
the risk of cancer from alpha-particle exposure (Agency for
Toxic Substances and Disease Registry, 2013). Inhaled dust
particles less than or equal to 10 micrometers (PM, ) can reach
breathing airways, and particles smaller than 5 micrometers
can penetrate deeply into the lungs. Therefore, because
long- and short-term exposures to radiation and chemicals are
associated with the dust-particle inhalation, the range in size of
respirable dust particles may be the most important exposure
metric; health protection standards for airborne contaminants
recommended by the National Institute for Occupational
Safety and Health are based on size attributes (National
Research Council, 2012). Therefore, the available fraction of
contaminants associated with the dust includes the particle size
of the dust that is inhalable, PM, or smaller.

Priority Factors Controlling Availability of Contaminants
in Waters

The most important radionuclides and chemicals for
biological uptake are those that are water soluble or are
adsorbed to particles that can be suspended and transported by
moving groundwater and flowing rivers and streams (National
Research Council, 2012). It is difficult to quantitatively
predict element mobility in near-surface environments
(Smith and Huyck, 1999). At a regional scale, however,
generalizations may be made on the basis of the presence of
geochemical factors that control geochemical behavior (ligand
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concentrations, dissolution, precipitation, adsorption). The
constituents of concern may dissolve in waters under a given
set of geochemical conditions controlled by master variables
that are likely to be reported in water-quality investigations,
such as pH, reduction-oxidation (redox) potential, and selected
ligand concentrations. Because the available data may be too
sparse to make such an assessment and because disequilibrium
is likely to occur among redox couples in groundwater and
surface water (Lindberg and Runnells, 1984), a quantitative
assessment may be difficult to conduct at a regional level. The
redox condition from either surface water or groundwater,
however, may be classified according to the framework shown
in table 2 (McMahon and Chapelle, 2008; McMahon and
others, 2009) and table 3 (Smith, 2007) in conjunction with
pH, which may be the most likely characteristic reported

from water-quality analysis. The constituents in table 2

plus pH are commonly recorded in water-quality databases
such as the EPA’s STOrage and RETrieval Data Warehouse
(STORET) water-quality exchange or the USGS’s National
Water Information System (NWIS). The persistence of the
contaminants of concern in surface water and groundwater
may be qualitatively assessed in areas where contaminants are
expected to be mobile or immobile (according to tables 2 and
3), based on estimated redox potential (Eh) and pH and the
presence or absence of iron substrates and hydrogen sulfide.

Establishing the Geoenvironmental
Assessment Approach

The geoenvironmental assessment receives initial input
from the uranium resource assessment, and the output from
the geoenvironmental assessment forms the basis for the input
into a biological resource assessment; both of these resource
assessments are outside the scope of this study. This section
briefly describes the input from the uranium resource assess-
ment, the steps of the geoenvironmental assessment, and the
possible use of the geoenvironmental assessment in a potential
followup biological resource assessment.

Proposed Geoenvironmental Assessment
Approach

For each deposit type and permissive tract, the assess-
ment of the priority mining methods, waste sources, and the
priority weathering and erosion indicators form the basis of
the geoenvironmental assessment framework. The overall
approach and flow of information from the uranium resource
assessment to the geoenvironmental assessment then to the
biological resource assessment are shown in figure 4.
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Table 2. Threshold concentrations for identifying redox processes in groundwater (modified from McMahon and Chapelle, 2008;
Chapelle and others, 2009).

[From McMahon and others (2009). O,, dissolved oxygen; NO,™-N, dissolved nitrate as nitrogen; Mn**, dissolved manganese; Fe**, dissolved ferrous iron;
SO,”, dissolved sulfate; H,S, hydrogen sulfide; Mn(IV), oxidized manganese; Fe(IlI), ferric iron; mg/L, milligram per liter; —, not applicable; >, greater
than or equal to; >, greater than; <, less than or equal to; <, less than]

Distinguishing

Water-chemistry criteria (mg/L)

Redox Predominant 5 Fe?/H,S mass
categor redox process Fe(lll) from SO, - 2+ 2+ 2 raztio
gory p reduction 0, NO,-N Mn Fe S0,
Oxic O, reduction — >0.5 — <0.05 <0.1 — —
Suboxic! — — <0.5 <0.5 <0.05 <0.1 — —
Anoxic NO, reduction — <0.5 >0.5 <0.05 <0.1 — —
Mn(IV) reduction — <0.5 <0.5 >0.05 <0.1 — —
Fe(Il)/SO,* — <0.5 <0.5 — >0.1 >0.5 —
reduction
— Fe(IIT) reduction <0.5 <0.5 — >0.1 >0.5 >10
— Mix Fe(Ill)/ SO > <0.5 <0.5 — >0.1 >0.5 >0.3 and <10
reduction
— SO,* reduction <0.5 <0.5 — >0.1 >0.5 <0.3
Methanogenesis — <0.5 <0.5 — >0.1 <0.5 —
Mixed? — — — — — — — —

"Further definition of redox processes not feasible.

*Criteria for more than one redox process are met.

Table 3. Generalized relative mobility of elements under different environmental conditions.

[From Smith (2007), used with permission. Information from Smith and Huyck (1999). >, greater than; <, less than; Ag, silver; Al, aluminum; As, arsenic;
Ba, barium; Be, beryllium; Bi, bismuth; Br, bromine; Ca, calcium; Cd, cadmium; Cl, chlorine; Co, cobalt; Cr, chromium; Cs, cesium; Cu, copper; F, fluorine;
Fe, iron; Ga, gallium; Ge, germanium; Hg, mercury; I, iodine; K, potassium; Li, lithium; Mg, magnesium; Mn, manganese; Mo, molybdenum; Na, sodium;
Ni, nickel; P, phosphorus; Pb, lead; Ra, radium; Rb, rubidium; REE, rare earth elements (treated as a group but individually may have somewhat different
mobility behaviors); Rn, radon; S, sulfur; Sb, antimony; Sc, scandium; Se, selenium; Si, silicon; Sn, tin; Sr, strontium; Th, thorium; Ti, titanium; T1, thallium;
U, uranium; V, vanadium; W, tungsten; Y, yttrium; Zn, zinc; Zr, zircon]

Scarcely mobile to

Environmental condition Very mobile Mobile Somewhat mobhile . .
immobile
Oxidizing with pH <3 Br, Cd, Cl, Co, Cu, F, 1, Al As, Ca, Fe, Hg, K, Ag, Ba, Be, Bi, Cr, Cs, Sc, Sn, Y, Zr
Ni, Rn, S, Zn Mg, Mn, Na, P, Ra, Ga, Ge, Li, Mo, Pb, Rb,
REE, Se, Si, Sr, U, V Sb, Th, Ti, TI, W

Oxidizing with pH>5to  Br,Cd, C, F, I, Rn, S, Zn Ca, Mg, Mo, Na, Se, Sr, As, Ba, Bi, Co, Cr, Cs, Ag, Al, Be, Fe, Ga, Sc,
circumneutral, no iron U,V Cu, Ge, Hg, K, Li, Mn, Sn, Th, Ti, W, Y, Zr
substrates Ni, P, Ra, Rb, REE, Sb,

Si, Tl

Oxidizing withpH>5to  Br, CL, F, I, Rn, S Ca, Cd, Mg, Na, Sr, Zn Ba, Bi, Co, Cs, Ge, Hg, Ag, Al, As, Be, Cr, Cu,
circumneutral, with K, Li, Mn, Ni, Rb, Sb, Fe, Ga, Mo, P, Pb, Ra,
abundant iron Se, Si, Tl REE, Sc, Sn, Th, Ti, U,
substrates V,W,Y, Zr

Reducing with pH >5 to Br, Cl, F, I, Rn Ca, Cd, Cu, Fe, Mg, Mn,  As, Ba, Co, Cr, Cs, Hg, Ag, Al, Be, Bi, Ga, Ge,
circumneutral, no Na, Ni, Pb, S, Sr, Zn K, Li, P, Ra, Rb, Si, Tl Mo, REE, Sb, Sc, Se,
hydrogen sulfide Sn, Th, Ti, U, V, W,

Y, Zr
Reducing with pH >5 to Br, CLL F, I, Rn Ca, Mg, Mn, Na, Sr Ba, Cs, K, Li, P, Ra, Rb, Ag, Al, As, Be, Bi, Cd,

circumneutral, with
hydrogen sulfide

Si, Tl

Co, Cr, Cu, Fe, Ga, Ge,
Hg, Mo, Ni, Pb, REE,
S, Sb, Sc, Se, Sn, Th,
Ti, U, V, W, Y, Zn, Zr
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Uranium resource assessment output

Undiscovered uranium resource: deposit type, mass U,0,, number of deposits

Permissive tract location

Mineral
resource

Range of depths

Geologic formation(s)
N R ¥
Range of depths
to deposit

to water
Mineralogy (ore and gangue) Mining method, contaminant sources Landscape Environmental media
Contaminants of concern Surface expressions Climate Air
Solubility in water (0, CO) Quantities of disturbance, waste rock, Geology Land (Soil)
2702 and wastewater Hydrology Water (Surface or groundwater)

Geoavailable
constituents of concern
(forms, elements)

Relative mobility
based on pH, redox, Fe mineral, H,S

Transport potentials:
wind, recharge, runoff,
stagnation, transmissivity

Maps reflecting areas where occurrence and persistence of constituents
of concern are likely in air, land, surface water, and groundwater

|— Biological resource —|7 Geoenvironmental
-

Figure 4.

Biological receptor locations
Habitats
Sensitive species + humans
Drinking water sources

Environmental health sensitivity maps

Flow chart of information for a uranium life cycle assessment, consisting of a mineral resource assessment, geoenvironmental

assessment, and hiological resource assessment. Unshaded areas within the dashed box are included in the geoenvironmental
assessment. Shaded areas indicate factors that are outside of the scope of the geoenvironmental assessment. (0,, oxygen gas; CO,,

carbon dioxide gas; U,0,,

Geoenvironmental Assessment Input Equals
Uranium Resource Assessment Output

Given that the geoenvironmental assessment is intended
to evaluate the geoenvironmental aspects of future mining in
an area of potential undiscovered uranium deposits, once the
uranium resource assessment is complete within an assessment
unit, the geoenvironmental assessment can be initiated. The
uranium resource assessment is performed using a three-part
uranium resource assessment methodology (Singer and
Menzie, 2010), and the products are expected to provide some
of the key inputs into the geoenvironmental assessment of an
undiscovered uranium deposit, including the following:

» Uranium resource permissive tract boundary or bound-
aries, or assessment units;

* Tables showing the probabilistic estimates of numbers
of undiscovered deposits; and

uranium oxide or “yellowcake;” H,S, hydrogen sulfide; Fe, iron).

 Estimated probabilities (median, 5th and 95th percen-
tile) of the pounds of uranium oxide (as U,O,) within
each assessment unit constrained to some selected,
practical depth on the basis of technical accessibility.

Other information that may be available for use includes
the following:

* Mineral-deposit model information, including ranges
of expected grades and depths to host formation;

* Lists of significant known deposits of that type;

 Rationales for selecting the mineral deposit model,
delineating tracts, and making numerical estimates of
numbers of undiscovered deposits; and

 Histograms, statistics, and (or) cumulative distribution
graphs of historical uranium grades and tonnages of ore.

Other key data required as input for the geoenvironmental
assessment are developed as part of the geoenvironmental
assessment, as described in the next section.
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Geoenvironmental Assessment Steps

The specific objectives of the geoenvironmental
assessment are accomplished in three steps: (1) developing
a geoenvironmental model (GEM), (2) enhancing the
GEM with information specific to the permissive tract, and
(3) conducting the geoenvironmental assessment by applying
the GEM to the permissive tract(s) in which the deposit type
is present to better understand the potential for the occurrence
and persistence of uranium and other elements in air, land,
and water within the permissive tract.

Developing a Geoenvironmental Model

A descriptive GEM is developed for each uranium
deposit type. The GEM will (1) characterize the important
features of the likely deposit, wall rocks, and surrounding
geology and (2) summarize primary mineralogy, gangue
minerals, and associated trace elements and provide an
overview of expected mining and ore-processing methods
(du Bray, 1995). To date, the only GEM for uranium deposits
is for solution-collapse breccia-pipe uranium deposits
(Wenrich and others, 1995).

Applying the Geoenvironmental Data Within
Permissive Tracts

The GEM should then be applied to the specific
geographic region within the uranium resource assessment
boundary (permissive tract). The GEM may contain a
summary of historical mining methods for the deposit type
within the permissive tract, including (1) the likely mining
and ore processing approaches that were used, (2) the
weathering and erosion of the ore and solid mine waste rock
and mine water under various climatic and hydrogeological
regimes, and (3) the geochemical characteristics of the
surface-water and groundwater resources. The associated
trace elements may be evaluated to determine which elements
are likely constituents of concern. Data regarding climate,
hydrology, and geology within the permissive tract may
be gathered to evaluate the indicators for the potential for
transport including:

1. Runoff: indicates the potential for physical disper-
sion of sediment resulting from water erosion or
inadvertent drainage of wastewater,

2. Air stagnation of airborne contaminants in air: indi-
cates the potential for accumulation of radon gas,

3. Wind erosion: indicates the potential for dispersion
of dust (particulate matter),

4. Aquifer recharge: indicates the potential of mine-
related water (that may be enriched in dissolved
contaminants) to infiltrate into groundwater,

5. Groundwater transmissivity: indicates the potential
of contaminants to be transported away from the
mining zone, and

6. Environmental condition of the surface water and
groundwater geochemistry (based on tables 2 and
3): indicates the potential for contaminant mobility.

Data types may include geospatial information about
groundwater aquifers, available water-quality data from
public and regulatory sources, and data on the distribution of
historical mining operations. Other input data may be derived
from literature review of historical uranium mining and
uranium geology and regional climate and hydrology records,
as well as State and local regulatory records such as National
Pollutant Discharge Elimination System (NPDES) permits,
Class I deep-injection-well permits, Class I1I ISR uranium
mining permits, aquifer exemption permits, environmental
impact statements, and environmental assessments.

Geoenvironmental Assessment

The information and data gathered as part of the GEMs
will be used to conduct the geoenvironmental assessment.
The geoenvironmental assessment will (1) assess the likely
indicators of rock and water quantities, and thus the relative
amounts of the indicators of waste sources; (2) project the
likely constituents of concern; and (3) identify where the
contaminants are most likely to occur and persist.

Indicators of Quantities of Waste

The indicators of the quantities of rock and water associ-
ated with a deposit within the permissive uranium resource
tract that reflect the relative likely quantities of waste rock,
wastewater, tailings, dust, and radon are assessed. The
deposit size estimated for the 5th percentile, median, and 95th
percentile probabilities of the amount of uranium as U,O,
provided in the three-part uranium resource assessment, and
the expected range of grades, along with reviews of historical
mine records and reports, may be used to assess the following
indicators of the quantity of waste sources:

 The likely surface area of the exposed disturbed
deposit (for open pit mining),

 The likely volume of disturbed subsurface (open pit,
underground, and ISR mining),

 The likely quantity of rock associated with the
deposit and potentially exposed in the near-surface
environment (open pit and underground mining), and

 The likely volume of water associated with the deposit
and potentially stored in the near surface environment
(open pit, underground, and ISR mining).



Assessing Constituents of Concern

The constituent(s) of concern may be assessed as
follows:

 The likely composition of wastewater and waste rock,
including constituents and their form, may be assessed
by reviewing the quality of water and rock associated
with the deposit type within the permissive tract, as
well as historical wastes as reported in the literature.

» The composition of leachates likely to be liberated to
the near-surface environment through weathering may
be assessed by determining the likely solubility of
contaminant source(s) based on a review of mine and
mill wastewater data from similar deposit types within
the permissive tracts and (or) leaching of solid mine
and mill waste in simulated rainwater.

 The likely composition of dusts may be assessed by
determining the likely composition of dust-sized
particles (PM, ) generally associated with mine and
mill wastes based on a review of data from similar
deposit types within the permissive tracts.

» The likely composition of sediments may be assessed
by determining the composition of particle sizes
generally associated with mine and mill wastes,
through a review of data from similar deposit types
within the permissive tracts and (or) a review of data
on leaching of sediment-sized particles of solid mine
and mill waste in simulated river water.

» The constituents of concern may be qualitatively
assessed by comparing the likely composition of
waste rock, wastewater, dust, sediments, radon
emissions, and leachates and their forms (aqueous,
solid, dust, radon) to regulatory standards in order
to determine which elements are likely to exceed the
allowable concentrations. If the ratio of expected
concentration to accepted concentration is greater than
unity, this indicates that concentrations likely exceed
the regulatory standards, and the element is deemed a
constituent of concern.

Assessing Potential for Occurrence and Persistence of
Contaminants of Concern

The potential for occurrence and persistence of
contaminants of concern in air, land, and water within
permissive tracts may be assessed by creating maps with a
series of overlays. These maps need not be merged, but can
be displayed in a manner that preserves the original data and
maintains the transparency of the data, as follows:

1. Radon is likely to occur in areas where uranium
mineralized rock may be exposed (open pit or
underground mining) or disturbed deposit surfaces
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may be exposed (open pit), and it may persist in
areas where the air stagnation index is high.

Dust is likely to occur in areas where uranium
mineralized rock (open pit or underground mining)
or disturbed deposit surfaces (open pit mining) may
be exposed, and it may persist in areas of high wind
erosion potential.

Sediments are likely to occur in areas where
mineralized rock might be exposed (open pit or
underground mining) or disturbed deposit surfaces
might be exposed (open pit) and where there is a
potential for runoff.

Subsurface leachates are likely to occur in saturated,
disturbed subsurface aquifers during open pit,

ISR, and underground mining and may persist

in groundwater in areas with a high potential for
physical transport (for example, transmissivity)

and chemical mobility, based on the information in
tables 2 and 3.

Surface leachates are likely to occur in areas
where mineralized rock might be exposed (open
pit or underground mining) or disturbed deposit
surfaces might be exposed (open pit) and where
there is a potential for rainfall, and may persist
in the following:

a. groundwater in areas of recharge potential
if there is a high potential for physical and
chemical mobility, based on the information in
tables 2 and 3;

b. surface water in areas of runoff potential if

there is a high potential for chemical mobility,
based on the information in tables 2 and 3.

Wastewater discharges are likely to occur in areas
where water produced during mining and milling is
potentially stored in the near-surface environment
(open pit, underground, and ISR mining) and

in the following:

a. groundwater in areas with recharge poten-
tial, persisting if there is a high potential for
physical and chemical mobility, based on the
information in tables 2 and 3;

b. surface water in areas of runoff potential, if
there is a high potential for chemical mobility,
based on the information in tables 2 and 3.
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Uranium Geoenvironmental Assessment
Products

The geoenvironmental assessment output will consist of
supporting documentation in addition to the formal assessment
products. The formal uranium geoenvironmental assessment
products include: (1) a descriptive report or multiple reports
about the GEM; (2) maps showing areas where constituents of
concern are likely to occur and persist in groundwater, surface
water, land, and air; and (3) tables providing probabilistic
estimates of the indicators of the relative quantities of rock
and water associated with the deposit in each assessment unit
that can indicate the likely quantities of waste rock, tailings,
wastewater, dust, and radon emissions for each permissive tract.

Uranium Geoenvironmental Assessment
Output Equals Uranium Biological Resource
Assessment Input

Although outside the scope of this study, the output from
a geoenvironmental assessment could be used in a future
biological resource assessment. For example, maps of the
areas where contaminants of concern are likely to occur and
persist if an undiscovered uranium resource was discovered
and developed may be compared to maps of biological indica-
tors (such as animal habitats, sensitive species, human popula-
tion centers, or drinking-water sources) to identify potential
areas of exposure by inhalation, absorption, or ingestion. The
concept for these maps is based on Environmental Sensitivity
Index maps for coastal resources developed by NOAA (2014).
The geoenvironmental assessment framework described herein
could potentially serve as input into a multi-resource assess-
ment that would include physical and biological models of
natural resource interrelationships as part of its analysis (Jenni
and others, 2018).

Geoenvironmental Assessment
Outcomes

In the absence of site-specific information, a geoenviron-
mental assessment may serve as an alternative to predicting
the potential environmental effects of future mining. A
geoenvironmental assessment may provide information about
the inherent attributes of undiscovered uranium resources and
the manner in which those attributes may affect or be affected
by the landscape, if and when uranium extraction occurs.

This type of information can be used to reduce the scale of
adverse environmental effects of mining and minimize the
time, cost, and effort expended on control, monitoring, and
containment of potential environmental contaminants (Anastas
and Zimmerman, 2003). For example, deposits designated

for development may include those with no acid-generating

capacity (National Research Council, 2002) or those with
gangue minerals that have a high potential for acid neutraliza-
tion or a natural attenuation of trace-element contaminants
(such as uranium or arsenic) and radionuclides (such as
radium and radon). Because the costs of mine closure and
reclamation constitute a significant portion of overall mining
costs, deposits that can be mined in a manner that produces
less waste, uses less water, or disturbs as little of the land as
possible can have distinct economic and environmental advan-
tages over deposits that yield large amounts of waste, use
large amounts of water, or disturb large areas of land (National
Research Council, 2002). This premise is an example of

an optimal sustainable design plan that draws information
from, and ultimately “fits”” within, the local natural system
(McDonough and others, 2003). When a process (for example,
mineral resource extraction) is designed for a specific locality,
materials and energy are expended as needed. However, a
process designed for the worst-case scenario may require
materials and energy that are never used (McDonough and
others, 2003).

The products of a geoenvironmental assessment of
undiscovered uranium resources may facilitate principles of
sustainability by identifying opportunities for minimizing
waste, preventing pollution, and minimizing exposures.
Additionally, the data may be used to identify (1) deposits
(once locations are identified) that have the potential for little
effect on the environment or (2) deposits where environmental
protection during and after mining will be more challenging.
Finally, estimates of the quantity of wastewater and mine
waste may help identify potential sources of wastes that
present opportunities for recycling and beneficial reuse.

The uranium geoenvironmental assessment conceptual
framework and approach described herein can complement
traditional uranium resource assessments to achieve a better
understanding of how the complex life cycle of occurrence,
extraction methods, and waste products of uranium affect or
are affected by landscape, hydrology, and climate with impli-
cations for ecosystems and human health (U.S. Geological
Survey, 2007).

Limitations and Science Needs

There are several inherent limitations of the uranium
geoenvironmental assessment framework and approach
presented in this report. The proposed assessment will use
existing data, wherever available, rather than conduct studies
to fill data gaps. The assessment likely will identify data gaps
that may limit the robustness of the geoenvironmental assess-
ment. Future research into identified data gaps may be used to
refine the methodology.

The geoenvironmental assessments generally may be
limited to the geographic extent of the permissive tracts (that
is, areas permissive for uranium occurrence) outlined during
the uranium resource assessment. When judged appropriate,



necessary, and scientifically defensible, the geographic
boundaries of the geoenvironmental assessment may be
extended slightly beyond the permissive tract boundaries.

For example, an extension of the assessment area may be
consistent with transport pathways extending beyond the area
considered favorable to host ore deposits, such as downstream
or downgradient environmental media (water, land, air)

that could be affected by uranium resource development in
upgradient areas.

The ability of the geoenvironmental assessment approach
to assess areas where contaminants are most likely to occur
and persist will have scale-dependent limitations. Because
the locations of specific deposits or mines have not been
identified, an assessment of specific pathways and site-specific
outcomes may be limited. Aspects of disturbance typical of
other mining or industrial facilities (such as operation and
maintenance, administrative or processing facilities, domestic
or industrial water, solid waste and wastewater management,
infrastructure, and roads) will not be considered.

The geoenvironmental assessment will prioritize the use
of primary data related to a specific region and deposit type
rather than extrapolate from similar analog sites. If no perti-
nent data are available for a permissive tract, some data may
be generalized from one study to another; for example, data
from another location with similar geology, climate, or mining
technique may be used to inform an assessment in a different
location. However, if such “analog” data are employed,
confidence limits about the developed relation may be used to
address the limitations of the estimated data.

Summary

This report presents the rationale and background
concepts for developing the novel approach and framework for
conducting a geologically based environmental assessment,
or “geoenvironmental assessment,” of undiscovered uranium
resources. This approach to conducting a geoenvironmental
assessment can also be applied to any other type of undis-
covered mineral resource. Until now, there have been few, if
any, quantitative approaches for conducting an environmental
assessment of undiscovered uranium resources. Predicting
quantitative environmental impacts (the change to air, land,
water, and biota quality) on a regional scale owing to the
extraction of undiscovered uranium resources is difficult
because the location of the undiscovered uranium resource
is not precisely known. Furthermore, environmental impacts
depend on several site-specific factors related to mine and mill
design and management practices, which are unknown and
not provided in an undiscovered uranium resource assessment.
Existing methods for conducting environmental assessments
were reviewed and found not to be applicable to undiscovered
resources because they are generally (1) retrospective and
used to delineate impacts from historical mining or milling,
(2) site-specific, where characteristics are known and one
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or more mining or milling configurations well defined,

or (3) probabilistic without necessarily accounting for all
site-specific factors that influence effects. To overcome these
impediments to conducting a local-scale, site-specific envi-
ronmental assessment of an undiscovered uranium resource,
a geoenvironmental assessment approach is proposed that

is based on a process-oriented source-to-receptor model.

This simplified source-to-receptor model does not address
the site-specific, local-scale mine and mill characteristics or
management scenarios, which cannot be determined without
knowledge of specific uranium deposit or mine and mill loca-
tion. Rather, it focuses on identifying processes and attributes
of the abiotic environment that could influence ecosystem
exposures (inhalation, ingestion, and dermal absorption).

The potential waste sources, contaminant pathways, and
weathering and erosional attributes are prioritized for three
likely mining methods (open pit and underground mining with
milling and ISR), based on the source-to-receptor model. The
process-oriented geoenvironmental assessment approach is
based on the hydrologic, geochemical, climatic, and geologic
factors of the source, landscape, and abiotic receptors (air,
land, surface water, and groundwater) that influence exposure
susceptibility of bioreceptors to uranium mining in areas of
favorable resource development.

The approach begins with the use of the uranium resource
assessment output that includes the grade and tonnage of the
expected uranium deposit, the location of tracts favorable for
uranium deposition and occurrence, the likely deposit type,
and the geologic formation. From this information, critical
parameters are estimated, including the depth to the deposit,
thickness of deposit, and the depth to water. These parameters,
along with reviews of historical uranium mining and milling
records, can be used to estimate the quantities of waste rock,
tailings, wastewater, land disturbance, dust, and radon emis-
sions. The likelihood of contaminant migration is based on
several factors: (1) deposit type and mining methods; (2) the
intrinsic regional geology, hydrology, and climate, including
weathering and erosion and deposit characteristics identified in
the geoenvironmental model; and (3) the potential of air, land,
and water to concentrate or mobilize contaminants. Together,
these data are used to produce maps of the potential for dust
dispersion, sediment and water runoff, element mobility,
infiltration, groundwater transport, and radon accumulation.
These maps are then combined to produce final maps indi-
cating vulnerable areas in the landscape where contaminants
are most likely to occur and persist.

The geoenvironmental assessment products described
herein are endpoints in themselves, providing maps and
information that may be used to identify areas where uranium
deposits, if discovered and developed, might have a lower
environmental footprint and identify areas or locations with
characteristics that can inherently mitigate potential environ-
mental contamination. This geoenvironmental assessment
also can link the undiscovered uranium resource assessment
to a biological resource assessment for an integrated mineral
resource life cycle assessment, which is central to the
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integrated environmental assessment depicted in figure 5.
An integrated assessment can inform mine and remediation
design decisions, management decisions, and analysis of
tradeoffs and identify data gaps and focus and prioritize issues
related to the development of uranium resources. In addition,
the assessment products can also be used as input into an
“impact analysis,” which can be invoked to inform specific
questions regarding uranium resource development. In the
impact analysis, stakeholders can evaluate various scenarios
developed to probe specific questions or concerns.

The products of this uranium geoenvironmental assess-
ment facilitate principles of sustainability by identifying
opportunities for waste minimization, pollution prevention,
and minimizing exposures to contaminants. Additionally, the
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data could be used to identify deposits (once locations are
identified) that have the potential for the lowest environmental
impact upon resource extraction. Finally, the estimates of
wastewater and mine waste quantities likely associated

with undiscovered uranium deposits could help to identify
opportunities for beneficial reuse and recycling. As such,

the uranium geoenvironmental approach and framework
suggested herein employs a wide-ranging, multidisciplinary
approach to understand and evaluate how the complex life
cycle of occurrence, extraction methods, and waste products
of uranium—-both an energy and mineral resource—influences
or is influenced by landscape, hydrology, and climate with
implications for ecosystems and human health, as suggested in
the USGS Science Strategy (U.S. Geological Survey, 2007).
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Figure 5. Diagram showing a framework for an integrated assessment of mineral resources (referred to as “resources” in the
diagram) consisting of an accessibility screening assessment (top), a life cycle assessment (middle), and an impact analysis
(bottom). The life cycle assessment consists of a mineral resource assessment, a geoenvironmental assessment, and a biological
resource assessment. Data generated during the life cycle assessment can be ultimately used to make decisions regarding land
management or to establish designs or design standards for resource development and protection or can be used to determine if
mineral resources are available for development.
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Glossary

beneficiation Recovering the economically
valuable portion of the mined ore (Frank

and others, 2005). See mining and milling
life cycle.

bioavailable The degree to which a con-
taminant in a potential source is available
for movement into or onto an organism
(Smith and Huyck, 1999).

E

environmental health The “interdisciplinary
study of relations among the quality of the
physical environment, the health of the living
environment, and human health” (Bright and
others, 2012).

erosion Movement of soil, rock, or dis-
solved material through surface processes
(such as water flow or wind).

exposure pathway The way humans,
animals, and plants come into contact with

a hazardous substance. There are three basic
exposure pathways: inhalation, ingestion,
and absorption through the skin or gamma
radiation (National Research Council, 2012).

G

gangue “Undesired minerals associated
with ore, mostly nonmetallic” (Thrush, 1968).

geoavailability The portion of a chemical
element’s or a compound’s total content in
an earth material that can be transferred to
the surficial or near-surficial environment

(or biosphere) through mechanical, chemical,
or biological processes (Smith and Huyck,
1999).

geoenvironmental model A compilation of
geologic, geochemical, geophysical, hydro-
logic, and engineering information pertaining
to the environmental behavior of geologically
similar mineral deposits (1) prior to mining and
(2) resulting from mining, mineral processing,
and smelting (Plumlee and Nash, 1995).

geoenvironmental assessment  Also known
as a geologically based environmental assess-
ment. An evaluation of the inherent attributes

Glossary

of the undiscovered mineral resources and their
probable geologic, hydrologic, geochemical,
and climatic settings to estimate volumes of
waste rock, wastewater, emissions, dust, and
land disturbance; identify contaminants of
concern; and map areas in the environment
where contaminants of concern are more likely
occur and persist upon extraction (developed in
this document).

indicator Scaled value of physical,
biological, and chemical measures that reflect
or quantify the state of environmental health.

in situ recovery (ISR) A solution mining
technique whereby extraction is conducted
by injecting a suitable leach solution into the
ore zone below the water table; oxidizing,
complexing, and mobilizing the uranium;
recovering the pregnant solutions through
production wells; and, finally, pumping the
uranium bearing solution to the surface for
further processing (International Atomic
Energy Agency, 2005).

L

leachate A solution obtained by leaching;
for example, water that has percolated
through land or solid mine waste containing
soluble substances and that contain certain
amounts of dissolved elements or substances
in solution (U.S. Environmental Protection
Agency, 2008b).

metric A quantity that can be measured to
reflect the amount of change.

mill tailings “The gangue and other refuse
material resulting from the washing, concen-
tration, or treatment of ground ore” (Thrush,
1968). Residue of solid raw material or solid
waste separated out during the processing of
uranium mineral ores. Byproduct material

in accordance with the U.S. Environmental
Protection Agency (U.S. Environmental
Protection Agency, 2008b).
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mining and milling life cycle The “process
of finding or exploring for a mineral deposit,
extracting or mining the resource, recover-
ing the economically valuable resources also
known as beneficiation, and reclaiming the
land mined” (Frank and others, 2005).

mine waste “Mine waste is the soil or rock
that mining operations generate during the
process of gaining access to an ore or mineral
body, and includes the overburden consoli-
dated or unconsolidated material overlying
the mined area, including the rock interbedded
with the ore or mineral body” (U.S. Environ-
mental Protection Agency, 1985).

P

permissive tract The area of land that
exhibits geologic, geochemical, and
hydrologic features or settings that permit
the formation of a mineral resource
(Singer, 1993).

protore The subeconomic portion of the
orebody.

U

undiscovered resources Prognosticated
and speculative resources, which “refer to
resources that are expected to exist based
on geological knowledge of previously
discovered deposits and regional geological
mapping. Prognosticated resources refer to

Conceptual Framework and Approach for Conducting a Geoenvironmental Assessment of Undiscovered Uranium Resources

those expected to exist in known uranium
provinces, generally supported by some
direct evidence. Speculative resources refer to
those expected to exist in geological prov-
inces that may host uranium deposits. Both
prognosticated and speculative resources
require significant amounts of exploration
before their existence can be confirmed and
grades and tonnages can be defined”
(International Atomic Energy Agency, 1996).

w

waste rock Overburden and protore (sub-
economic ore) excavated during mining.

wastewater Water from mining operations
extracted from the subsurface that contains
dissolved minerals. It may include water
from the uranium-bearing formation, water
that has been injected into the formation, and
any chemicals added during the production
and (or) treatment process or the spent or
used water from a mine or mill that contains
dissolved or suspended matter (U.S. Environ-
mental Protection Agency, 2008b).

weathering  Processes that occur in place to
decompose rocks, soil, and minerals. No move-
ment is involved in weathering.
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