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This report provides background information to assist the SAB in performing its advisory
review. To do that, the information in this report is grouped into nine sections, split between two
parts. Part 1 details a draft overall approach; Part 2 discusses specific issues and case studies
associated with the draft overall approach. Additional detailed information is provided in five
attachments. EPA believes it is important to provide the SAB with the context so that the SAB
may relate the technical questions to the complex physical situations in which they might be
applied. We also believe it is important for the SAB to understand the statutory basis governing
our regulatory approach, i.e., EPA's standards must be consistent with RCRA requirements, but
those standards are implemented and enforced by NRC or its Agreement States through its
licensing requirements. It should therefore be understood that while EPA is requesting advice on
the technical aspects to be considered in a rulemaking that will establish standards applicable to
ISL/ISR facilities, EPA is not requesting advice on either the form or content of those standards.
EPA's regulatory proposal will be informed, in part, by the technical advice of the SAB, and will
be developed in a manner that is consistent with EPA's UMTRCA standard-setting authority
while taking into account the Agency’s broader groundwater protection and risk management
policies.

In its charge to the SAB, EPA requested that the SAB address the following with respect to
ISL/ISR extraction processes:

(1) Comment on the technical areas described in this report and their relative importance for
designing and implementing a monitoring network. ldentify any technical considerations
that have been omitted or mischaracterized.

(2) Comment on the proposed approaches for characterizing baseline groundwater chemical
conditions in the pre-mining phase and proposed approaches for determining the duration
of such monitoring to establish baseline conditions.

(3) Comment on the approaches considered for monitoring in the post-mining/restoration
phase and the approaches considered for determining when groundwater chemistry has
reached a “stable” level.

(4) Comment on statistical techniques about which you are aware that have been used in
other applications, as well as the subsequent data requirements for their use relative to
ISL mining applications (particularly for the areas in items 2 and 3 above).
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OVERVIEW
Background

In accordance with the Uranium Mill Tailings Radiation Control Act of 1978 (UMTRCA)
section 206, the U.S. Environmental Protection Agency (EPA) is authorized to develop standards
for the protection of public health, safety, and the environment from radiological and non-
radiological hazards associated with residual radioactive materials at inactive uranium mill
tailings sites and with the processing, possession, transfer, and disposal of byproduct material
(tailings or wastes) at sites where ores are processed primarily for their uranium content or used
for disposal of byproduct material. UMTRCA requires EPA to develop health and
environmental standards for both Title I inactive mill sites administered by the U.S. Department
of Energy (DOE) and Title Il (present and future) operations licensed by the U.S. Nuclear
Regulatory Commission (NRC) or its Agreement States.

In 1983, EPA promulgated regulations at 40 CFR Part 192 — Health and Environmental
Protection Standards for Uranium and Thorium Mill Tailings in response to the statutory
requirements of UMTRCA. When the Agency promulgated 40 CFR Part 192, uranium recovery
from ore was based almost exclusively on the conventional milling process, where a few pounds
of uranium were recovered for each ton of ore mined and processed. The residues from the
milling process (the tailings or byproduct material) accumulated in large piles on the surface at
the mill site. Concern that these tailings piles would be a continuing source of radiation
exposure unless properly reclaimed was the driving force behind the passage of UMTRCA.
Because the major environmental risk at that time was perceived to come from the conventional
uranium mill tailings, other uranium recovery operations, such as heap leaching and in-situ
leaching (ISL), received little attention.

The EPA last revised its regulations for uranium and thorium milling in 1995, and currently is
reviewing them to determine if revisions are necessary to bring them up-to-date. Since 40 CFR
Part 192 was promulgated, there has been a shift in uranium recovery from conventional milling
to ISL where, in a sense, a portion of the milling process is conducted underground. Where the
ore body is amenable to use of the ISL technology, uranium can be recovered economically
without extensive surface facilities, large waste volumes, or expectations of long-term site
maintenance associated with conventional milling. In the ISL process, also referred to as in-situ
recovery (ISR), chemical solutions are pumped underground through an array of wells into the
ore body, where the uranium is dissolved in place. The uranium-rich solutions are pumped to the
surface, where the uranium is extracted. The solutions are then chemically refortified and
pumped back into the ore body to recover additional uranium.

EPA's standards must address non-radiological, as well as radiological, constituents. Therefore,
for Title I sites, UMTRCA states that the standards shall, ... to the maximum extent practicable,
be consistent with the requirements of the Solid Waste Disposal Act, as amended,"” now known
as the Resource Conservation and Recovery Act (RCRA). For Title I sites, the non-radiological
standards shall be "... consistent with the standards required under subtitle C of the Solid Waste
Disposal Act, as amended, which are applicable to such hazards.”
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EPA's current standards in 40 CFR Part 192 incorporate the RCRA groundwater monitoring
requirements for hazardous waste units specified in 40 CFR Part 264, including statistical
techniques applicable to determining when monitoring requirements have been achieved. A key
question in amending 40 CFR Part 192 is whether, and to what extent, it is appropriate to apply
these technical approaches, developed to address releases to groundwater from engineered units
such as landfills, impoundments, and tanks, to ISL/ISR facilities, where the regulated "unit” is a
defined portion of an aquifer.

Draft Technical Report Contents Overview

With ISL/ISR operations expected to be the most common type of new uranium extraction
facility in the U.S., and the potential for these facilities to affect groundwater, EPA is
considering how to address groundwater monitoring as a component of the regulatory standards
specifically applicable to these facilities in its revision of 40 CFR Part 192. To support a request
for technical advice from the Agency’s Science Advisory Board (SAB), EPA has prepared this
draft Technical Report, Considerations Related to Post-Closure Monitoring of Uranium In-Situ
Leach/In-Situ Recovery (ISL/ISR) Sites, to address considerations involved in establishing
groundwater monitoring systems around uranium ISL/ISR operations (e.g., sampling protocols,
time frames, statistical tools and techniques).

There are several objectives for monitoring an ISL/ISR uranium extraction operation,
specifically: to establish baseline (pre-operational) groundwater chemical compositions; to detect
excursions of the injected and mobilized components beyond the well field; and to determine
when the post-operational/restoration phase groundwater chemistry has “stabilized,” i.e., reached
concentration levels that are expected to remain constant over time.

EPA’s regulatory effort will focus on establishing requirements applicable to ISL/ISR facilities.
Because the “milling” of uranium ore is performed within the aquifer by injection of mobilizing
agents, ISL/ISR facilities present challenges for groundwater protection that are distinct from
those posed by conventional mills. Further, the intent of ISL/ISR operators is to release the site
after additional processing of ore is no longer economically viable, making it available for other
uses. Given the disruption of the aquifer inherent in ISL/ISR technology and the foreseeable
desire for a relatively short period of post-operational institutional control, groundwater
protection will be of central importance in amendments to 40 CFR Part 192.

As noted above, one purpose of monitoring is to demonstrate that the aquifer conditions (i.e.,
contaminant concentrations or geochemical characteristics) established at the end of restoration
are sustainable, or stable, over time. Currently, the duration of stability monitoring is a site-
specific period of time established in the license(s) required by the NRC or the appropriate
Agreement State. In the past, the license-established restoration period frequently has been
about six months. More recently, the trend has been to increase the monitoring period
established in the license to at least one year. In practice, the actual period necessary for
contaminant concentrations to stabilize may be several years, based on iterative analyses of
additional samples required by the regulators.

Draft Technical Report 2 June 2011



The draft Technical Report is intended to support the SAB’s technical consideration of issues
associated with establishing the groundwater baseline for new facilities, demonstrating that the
restored groundwater has reached steady state, and post-restoration stability monitoring to ensure
that the groundwater quality is not deteriorating over time after restoration.

Organizationally, the draft Technical Report addresses two main topic areas. The report initially
focuses on the process and considerations associated with the overall approach. Specifically, the
first section of the report provides an outline of the technical requirements associated with
monitoring of ISL/ISRs and includes: a summary of UMTRCA; a summary of relevant
components of RCRA,; background information on the ISL/ISR process; a discussion of the
purposes of a groundwater monitoring system; factors affecting the timeframe and ability to
restore an ISL/ISR wellfield to baseline conditions; and discussion of various statistical
techniques and approaches to measure achievement of post-operational restoration goals.
Second, the report focuses on specific issues associated with ISL/ISR facilities and groundwater
monitoring. This latter discussion provides case studies, identifies key issues associated with
post-closure monitoring, and summarizes performance issues regarding groundwater monitoring
at ISL/ISR facilities.
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PART 1
1.0 INTRODUCTION

In 1983, the U.S. Environmental Protection Agency (EPA) promulgated regulations at 40 CFR
Part 192 — Health and Environmental Protection Standards for Uranium and Thorium Mill
Tailings in response to the statutory requirements of the Uranium Mill Tailings Radiation
Control Act (UMTRCA) of 1978. UMTRCA amended AEA by directing EPA to set generally
applicable health and environmental standards to govern the stabilization, restoration, disposal,
and control of effluents and emissions at both active and inactive mill tailings sites.

Title | of the Act covers inactive uranium mill tailing sites, depository sites, and vicinity
properties. In addition to EPA’s standard-setting responsibilities, Title I designated the U.S.
Department of Energy (DOE) as the agency responsible for implementing EPA’s standards for
the tailings piles (residual radioactive material) and vicinity properties and for providing long-
term stewardship of some properties. In addition, the U.S. Nuclear Regulatory Commission
(NRC) was designated to review completed site cleanups for compliance with EPA standards
and to license sites to the state or DOE for long-term stewardship, as necessary.

Title 11 of the Act covers operating uranium processing sites licensed by the NRC. EPA was
directed to promulgate standards for the processing, possession, transfer, and disposal of uranium
mill tailings (byproduct material). NRC, or its Agreement States, was required to implement and
enforce these standards at Title Il sites.

40 CFR Part 192 thus establishes standards for active and closed mill sites, including
groundwater, soil, and building clean-up requirements. These standards are applicable to
uranium and thorium extraction facility licensing, operations, sites, and wastes and are
implemented and enforced by the NRC and its Agreement States, and DOE. Part 192 applies to
residual radioactive material and byproduct material from conventional mills, in situ
leach/recovery (ISL/ISR) facilities, and heap leach facilities, but not conventional mines (open
pit or underground).

Since 40 CFR Part192 was promulgated, there has been a shift in emphasis in uranium recovery
methods from conventional milling to ISL/ISR, which is considered to be “underground
milling.”* In the ISL/ISR process, chemical solutions (i.e., lixiviants) are pumped underground
through an array of wells into the ore body, where the uranium is dissolved. The lixiviants are
then pumped to the surface, where the uranium is extracted.

In response to this shift in production technology, EPA announced on May 27, 2010, that they
planned to review 40 CFR Part 192. In support of the review, EPA is requesting guidance from
the Science Advisory Board (SAB) on selected issues related to explicitly incorporating

! Like conventional mills, ISL/ISR operations are regulated by NRC as a form of uranium processing.
However, the injection-extraction technology is also applied to the recovery of other minerals, where it is broadly
known as "solution mining." Where this draft Technical Report uses the term "mining," which may be more
familiar to the general public, it is referring to the ISL/ISR extraction method.
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standards for in-situ leaching facilities into 40 CFR Part 192. These issues center on
groundwater monitoring and stability, which are the subject of this draft Technical Report.

Groundwater monitoring within and in the vicinity of an ISL site serves vital functions that are
necessary for efficient uranium recovery with minimal adverse environmental impacts. Proper
monitor well placement and data collection from these wells assures that the aquifer constituents
are detected, and then restored, to pre-mining levels. Without adequate monitoring well
placement and proper data collection, including consideration of sample frequency and sampling
timeframe, mine operators and regulators (1) may not detect excursions of lixiviant outside the
mining area during operations, and (2) may not be able to confidently determine whether the
impacted aquifer needs further restoration or has been restored to its pre-mining state or another
suitable condition that satisfies regulatory requirements.

EPA’s standards in 40 CFR Part 192 are required by statute to address non-radiological, as well
as radiological, constituents, and to provide for the “protection of human health and the
environment consistent with the standards required under Subtitle C of the Solid Waste Disposal
Act....” (UMTRCA sec. 206(b)(2)). In particular, for Title I sites, UMTRCA states that the
standards shall, "... to the maximum extent practicable, be consistent with the requirements of the
Solid Waste Disposal Act, as amended,” now known as the Resource Conservation and Recovery
Act (RCRA). For Title Il and future NRC licensed sites, the standards shall be "... consistent
with the standards required under subtitle C of the Solid Waste Disposal Act, as amended, which
are applicable to such hazards."

The existing standards incorporate groundwater protection requirements applicable to hazardous
waste management units. These requirements are specified in 40 CFR Part 264, Subpart F
(Releases from Solid Waste Management Units). These requirements also provide a reasonable
basis for a proposal to address post-operational groundwater monitoring and restoration at
ISL/ISR facilities, while also providing the flexibility for site-specific, performance-based
implementation by the regulatory authority (NRC or Agreement State).
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2.0 RESOURCE CONSERVATION AND RECOVERY ACT
42 U.S.C. §6901 et seq. (1976)

The purpose of this section is to provide an overview of the Resource Conservation and
Recovery Act (RCRA) program. Provisions specifically relevant to ISL/ISR facility
licensing/oversight are discussed in detail. These include: Subtitle C facilities; groundwater
monitoring requirements; and Treatment Storage and Disposal Facilities.

2.1 Summary

The Resource Conservation and Recovery Act (RCRA) was passed in 1976, as an amendment to
the Solid Waste Disposal Act of 1965, to ensure that solid wastes are managed in an
environmentally sound manner. RCRA gives EPA the authority to control hazardous waste from
the "cradle-to-grave." This includes the generation, transportation, treatment, storage, and
disposal of hazardous waste (Subtitle C). RCRA also set forth a framework for the management
of non-hazardous solid wastes (Subtitle D). RCRA has been further amended to extend its
application; for example, the 1986 amendments to RCRA enabled EPA to address environmental
problems that could result from underground tanks storing petroleum and other hazardous
substances.

RCRA is a key component of EPA’s UMTRCA standards in 40 CFR Part 192. As noted in
Chapter 1, Congress specified that EPA's standards were to address non-radiological, as well as
radiological, constituents. Therefore, for Title I sites, UMTRCA states that the standards shall,
"... to the maximum extent practicable, be consistent with the requirements of the Solid Waste
Disposal Act, as amended,” now known as RCRA. For Title Il and future NRC licensed sites,
the standards shall be "... consistent with the standards required under subtitle C of the Solid
Waste Disposal Act, as amended, which are applicable to such hazards." UMTRCA Section
206(a)

EPA's current standards in 40 CFR Part 192 incorporate the RCRA groundwater monitoring
requirements for hazardous waste units specified in 40 CFR Part 264, including statistical
techniques applicable for determining when standards have been achieved. A key question in
this advisory is whether, and to what extent, it is appropriate to apply these techniques, which
were developed to address releases to ground water from engineered hazardous waste units such
as landfills, impoundments, and tanks, to in situ leach uranium recovery facilities, where the
regulated "unit™ is a defined portion of an aquifer.

The RCRA approach to protecting groundwater represents a reasonable starting point for
developing criteria and standards specific to ISL/ISR facilities. The remainder of this chapter
provides additional detail on the RCRA requirements and discusses technical challenges in
applying those requirements to ISL/ISR facilities. Part 2 of this document describes technical
approaches for consideration by the SAB, including potential modifications, extensions, and
additions to the RCRA requirements.
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2.2 Groundwater Monitoring Requirements for Treatment, Storage, and Disposal
Facilities (TSDFs)

2.2.1 Overview

The groundwater monitoring requirements for hazardous waste treatment, storage, and disposal
facilities (TSDFs) are an important aspect of the RCRA hazardous waste management strategy
for protecting human health and the environment from accidental releases of hazardous
constituents. While land disposal restrictions and unit specific standards seek to reduce the
toxicity of waste and prevent releases, respectively, the groundwater monitoring requirements
represent the last line of defense by ensuring that any releases are detected and remediated in a
timely manner.

TSDFs that manage hazardous waste in landfills, surface impoundments, land treatment units,
and some waste piles (referred to as “regulated units” in the regulations) are required to
implement a groundwater monitoring program to detect the release of hazardous constituents to
the underlying ground water. The regulations for permitted facilities are found at 40 CFR Part
264, “Standards for Owners and Operators of Hazardous Waste Treatment, Storage, and
Disposal Facilities.” Specifically, Subpart F addresses “Releases from Solid Waste Management
Units” and includes elements of a monitoring program such as:

Groundwater protection standard,;
Hazardous constituents;
Concentration limits;

Point of compliance;

Compliance period;

General monitoring requirements;
Detection monitoring;
Compliance monitoring; and
Corrective action.

The overall goal of these requirements is to protect the ground water in the uppermost aquifer
from contamination by the hazardous constituents managed at the TSDF.

2.2.2 Permitted Facilities

For permitted TSDFs, a groundwater monitoring program consists of three phases: detection
monitoring (8264.98), compliance monitoring (8264.99), and corrective action (§264.100). The
phases are sequential, with a facility able to move back and forth between phases as certain
criteria are met. The regulations are written as performance standards that require each facility’s
groundwater monitoring program to have a sufficient number of wells installed at the appropriate
locations and depths that can yield representative samples of background conditions and water
quality at the point of compliance in the uppermost aquifer (defined as the geological formation
nearest the natural surface that is capable of yielding significant quantities of ground water to
wells or springs).
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To meet these standards, each facility must design, install, and operate a groundwater monitoring
program based upon the site’s specific geology and hydrology, as well as the type of waste
management unit and the characteristics of the waste being managed. The monitoring wells must
be appropriately designed and installed and consistent sampling and analytical procedures must
be implemented to ensure accurate and representative samples are taken. The specific sampling
requirements and procedures (including frequency of sampling) are specified in the facility’s
hazardous waste permit.

2.2.3 Detection Monitoring

Detection monitoring is phase one of the groundwater monitoring program. Under this phase,
facilities are monitoring to detect and characterize any releases of hazardous constituents into the
uppermost aquifer. Samples are taken from the monitoring wells and analyzed for specific
indicator parameters and any other waste constituents or reaction products that indicate that a
release might have occurred. The facility’s permit identifies the specific constituents and
parameters to be monitored and establishes the frequency of sampling. At a minimum, four
samples must be taken from each well semi-annually.

Samples taken from the point of compliance (i.e., the wells downgradient of the waste
management unit) are compared to the background samples taken from the upgradient well(s).
These samples are analyzed to determine if a statistically significant increase (SSI) in the levels
of any of the monitored constituents has occurred. When analyzing the samples, facility
owner/operators may use one of the following five methods:

Parametric analysis of variance.

Nonparametric analysis of variance based on ranks.

Tolerance or prediction interval procedure.

A control chart approach.

Another statistical test method approved by the EPA Regional Administrator.

If an SSI is detected, the facility must switch to a compliance monitoring program, unless the
owner/operators can demonstrate that the SSI was due to a sampling, analysis, or statistical
analysis error; or is due to natural variations in the groundwater chemistry. If unable to make this
demonstration, the owner/operators must:

Notify the EPA Regional Administrator of the SSI within 7 days.

Immediately sample all wells for hazardous constituents listed in Part 264 Appendix IX.
Determine which Part 264 Appendix IX constituents are present and at what levels.
Submit a permit modification application within 90 days to begin a compliance
monitoring program.

e Submit an engineering feasibility plan for a corrective action program within 180 days.
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2.2.4 Compliance Monitoring

The purpose of a compliance monitoring program is to ascertain whether the constituents
released to the uppermost aquifer are exceeding acceptable concentration levels and threatening
human health and the environment. The first step in this process is establishing a groundwater
protection standard (GWPS). As stated above, a facility must submit a permit modification
application to switch from detection monitoring to compliance monitoring when an SSI is
detected. As part of this modified permit, the EPA Regional Administrator specifies the GWPS
for the facility. The GWPS establishes:

e The list of hazardous constituents for which to monitor (from Part 261, Appendix VIII).

e The concentration limits for each of the listed constituents based either on background
levels, Safe Drinking Water Act (SDWA) Maximum Contaminant Levels (MCLs), or
alternate concentration levels (ACLs) determined by the EPA Regional Administrator.

e The point of compliance, which is the vertical surface at which the facility must monitor
the uppermost aquifer to determine if the GWPS is being exceeded.

e The compliance period during which the GWPS applies and compliance monitoring must
be continued.

During compliance monitoring, samples are taken at each well located at the point of compliance
(four samples from each well) and compared to the GWPS. The frequency of sampling is
determined by the EPA Regional Administrator and specified in the modified facility permit. At
a minimum, samples must be taken at least semi-annually. The facility must also analyze
samples for Part 264 Appendix 1X constituents at least annually. If any new constituents are
found to have an SSI, then they also must be added to the GWPS list of constituents.

If the level of any of the constituents exceeds the GWPS, the owner/operators must notify the
EPA Regional Administrator in writing within 7 days. The owner/operators also must submit a
permit modification application to establish a corrective action program. Compliance monitoring
must be continued during this period.

2.2.5 Corrective Action

Once an exceedance of the groundwater protection standard (GWPS) has been detected, the
facility must take action to bring the constituent concentration levels back into compliance with
the GWPS. To achieve this, the owner/operator must either remove the hazardous constituents or
treat them in place. The EPA Regional Administrator will approve the facility’s selected
corrective action method and specify the time frame in which it must take place. Any hazardous
constituents that have migrated beyond the point of compliance also must be remediated. The
facility must continue corrective action until the GWPS has not been exceeded for three
consecutive years. At that point, the facility may return to compliance monitoring.
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2.3 Application to ISL/ISR Facilities

While the application of the RCRA groundwater monitoring requirements to conventional mills
and tailings impoundments is relatively straightforward, the ISL/ISR technology presents
additional technical challenges for post-operational monitoring. First, the technology is applied
within the aquifer by intentionally altering its chemical characteristics to facilitate transport of
uranium. Thus, in the RCRA framework, contaminants have already been released into the
environment and are no longer contained within the engineered hazardous waste unit (that is, a
surface impoundment). This suggests that the situation could be viewed as a corrective action
from the time operations cease.

The intent of the operator to release the site for unrestricted use presents the more significant
challenge. Unlike conventional tailings impoundments, which are subject to long-term
stewardship requirements, ISL/ISR facilities will leave no significant surface facilities or waste
behind. Restoration of the groundwater will therefore need to be achieved throughout the well
field, within which there may be significant heterogeneity. Further, from a corrective action
standpoint, the “source” of contamination cannot necessarily be identified to a specific location
within the affected area. It is therefore particularly important that an appropriate monitoring
program be developed, including an appropriate number of wells in the right locations, to
determine, with the appropriate level of confidence, that restoration and stability have been
achieved. As discussed in this document, there may be technical approaches that can be used to
modify or extend the RCRA requirements. Additionally, there may be better-suited technical
approaches for these particular types of facilities.

This situation has been further complicated for operating ISL/ISR facilities by the fact that
permits for lixiviant injection wells must be obtained from EPA’s Underground Injection Control
(UIC) program developed pursuant to the SDWA (in some cases, authority to issue UIC permits
has been delegated to states). In issuing the UIC permit, the regulatory authority must exempt
the portion of the aquifer affected by the activity. The primary concern is that there be no
transport of contaminants beyond the exempted portion of the aquifer (“excursion”) into an
Underground Source of Drinking Water (USDW). Requirements for restoration of the exempted
portion of the aquifer under the UIC program are limited compared to the requirements of 40
CFR Part 192. Failure to recognize the applicability of 40 CFR Part 192 to all groundwater at an
ISL/ISR facility (i.e., in the well field) has led to a situation in which operators at some ISL/ISR
facilities have not been held to the more stringent standards in 40 CFR Part 192 (see case studies
included in this document). Further, in some cases the appropriate baseline conditions may not
have been recorded. Advice on handling these cases is also needed.
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3.0 GROUNDWATER MONITORING AT ISL/ISR FACILITIES

3.1 Overview

The lifecycle of an ISL/ISR facility includes the following:

Exploration and development to establish that a commercially viable operation is possible
Establishment of site baseline conditions for in-situ leaching (mining) of the ore body
Recovery of uranium from the ore body

Restoration of the groundwater to predetermined conditions

Demonstration that restored groundwater has reached steady state

Post-restoration stability monitoring of the groundwater

Decommissioning of mined area and surface facilities

This draft Technical Report is most concerned with the pre- and post-operational aspects of
groundwater monitoring, specifically establishment of the groundwater baseline, demonstration
that the restored groundwater has reached steady state, and post-restoration stability monitoring
to ensure that the groundwater quality is not deteriorating over time after restoration. Figure 3-1
IS a graphic representing an evolution of a groundwater component of interest during the phases
described below.

The five phases of groundwater monitoring during the life of the ISL/ISR facility are:

Phase 1 — Measure baseline groundwater concentrations and establish regulatory
approved restoration goals based on statistical procedures that embrace pre-mining
temporal and spatial variability.

Phase 2 — Conduct in-situ mining. Detect lixiviant excursions outside the mining area if
they occur. Determine the groundwater chemistry at the end of ISL/ISR operations.

Phase 3 — Conduct wellfield restoration. Monitor the progress of restoration through
groundwater sampling.

Phase 4 — Establish wellfield steady state. At the end of this phase, the groundwater
potentiometric surface will have returned to baseline conditions (to the extent practicable)
and statistical tests show that groundwater chemistry is stable.

Phase 5 — Conduct long-term stability monitoring. At the end of this phase, use statistical
tests to show that concentration of the monitored species is not increasing with time and
that concentration is not statistically different from baseline conditions, or if baseline
conditions are unachievable, that the concentration is not statistically different from
approved restoration goals.
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Figure 3-1. Variation of Typical Groundwater Constituent Over Time

3.2 Pre-Operational Monitoring (Phase 1)

The key to any baseline monitoring program is to adequately characterize groundwater temporal
and spatial variations before mining begins. In order to provide the basis of comparison for
assessing progress in restoring the wellfield after mining has been completed, the breadth of pre-
operational groundwater monitoring needs to be sufficiently robust for adequate comparisons
with post-operational monitoring.

3.3 The ISL/ISR Leaching Process (Phase 2)

During typical ISL/ISR operations, chemicals such as sodium carbonate/bicarbonate, gaseous
oxygen, and hydrogen peroxide are added to the groundwater to produce a concentrated oxygen-
rich leaching solution called the lixiviant. The lixiviant is injected into the production zone to
create groundwater oxidizing conditions which mobilize the uranium from the uranium rich
geologic zone. This mobilized uranium is pumped back to the surface for extraction at a
processing plant (Figure 3-2).
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Figure 3-2. ldealized Schematic Cross Section to Illustrate Ore-Zone Geology and
Lixiviant Migration from an Injection Well to a Production Well (NRC 2009)

The most common injection/pumping patterns are five- and seven-spot (NRC 2003). The shape
of the mineralized ore body and surface topography, however, may give rise to other patterns
(NRC 1997). A typical five-spot pattern contains four injection wells and one recovery well.
The dimensions of the pattern vary depending on the mineralized zone, but the injection wells
are generally between 40 to 150 feet apart. In order to effectively recover the uranium and also
to complete the groundwater restoration, the wells are often completed so that they can be used
as either injection or recovery wells. During mining operations, a slightly greater volume of
water will be recovered from the mineralized zone aquifer than was injected, in order to create a
cone of depression or a flow gradient towards the recovery wells. This practice is intended to
minimize excursions of leachate outside the production area. Groundwater monitoring is
necessary to detect any excursions of lixiviant outside the mining area during operations. A
typical well arrangement using five- and seven-spot patterns is shown in Figure 3-3. Figure 3-4
illustrates a typical wellfield. Piping connecting the individuals to the header house is typically
run underground.

Ore body size and geometry will also influence the number of wells in a wellfield.

For example, at the Crow Butte ISL facilities in Dawes County, Nebraska, the number
of injection and production wells varied from about 190 in the first wellfield (MU-1)
to about 900 in later wellfields (MU-5 and MU-6) (NRC 1998).
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Three types of wells predominate at uranium ISL/ISR facilities during the operational (leaching)
phase (see Figure 3-3):

(1) Injection wells for introducing solutions into the uranium mineralization

(2) Production wells for extracting uranium-enriched solutions

(3) Perimeter monitoring wells for assessing containment of leachate within the wellfield
(the ore zone monitor wells in Figure 3-3)
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Figure 3-3. Schematic Diagram of a Wellfield Showing Typical Injection/Production Well
Patterns, Monitoring Wells, Manifold Buildings, and Pipelines (NRC 2009)
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Figure 3-4. Wellheads and Header House, Smith Ranch, Converse County, Wyoming
(NRC 2009, Figure 2.1-4)

3.4 Post-Operational Monitoring (Phases 3 through 5)

The intent of restoration efforts is to establish hydrologic and geochemical conditions in the
mined areas that will maintain steady-state conditions in all potentially affected aquifers (i.e.,
overlying, underlying, and adjacent aquifers) and assure no degradation of water quality from
pre-mining conditions. During restoration, the operator monitors progress by periodic sampling
of the groundwater constituents and analysis in an effort to determine when steady-state
conditions are attained. Establishment of steady-state conditions requires that the groundwater
potentiometric surface be restored, to the extent practicable, to its pre-leaching status, so that the
flow regime is similar to that existing before mining. In addition, constituents in the
groundwater must be returned to the predetermined restoration goal and remain at that level for a
sufficient period to demonstrate that the results are not trending upwards to higher concentration
levels.

Once the operator concludes that restoration has been completed and has obtained concurrence
from the regulator(s) that a steady state has been established, post-restoration stability
monitoring begins. The purpose of the stability monitoring is to demonstrate that the aquifer
conditions established at the end of restoration are sustainable over time. Currently, the duration
of the stability monitoring period is site-specific, with the period established in the license(s). In
the past, the license-established restoration period typically has been about 6 months. More
recently, the trend has been to increase the monitoring period established in the license. In
practice, the actual period of stabilization may be several years, based on iterative analyses of
additional samples requested by the regulators.

A key question associated with this issue is: Is the use of a confidence level an appropriate
potential metric for determining when the aquifer can be considered stable?

Draft Technical Report 15 June 2011



4.0 TECHNICAL CONSIDERATIONS FOR ISL/ISR GROUNDWATER MONITORING

Monitoring wells within an in-situ mining area and site vicinity serve vital functions necessary
for efficient uranium recovery with minimal adverse environmental impacts. Proper monitor
well placement and data collection from these wells assure that the aquifer constituents are
detected and then restored to pre-mining levels. Without adequate monitoring well placement
and proper data collection, which includes consideration of sample frequency and sampling
timeframe, mine operators and regulators (1) may not detect excursions of lixiviant outside the
mining area during operations; and (2) may not be able to confidently determine whether the
impacted aquifer needs further restoration or has been restored to its pre-mining state or
predetermined conditions specified by regulators.

This section focuses on technical considerations for groundwater monitoring through all phases
of an ISL/ISR facility. Because the monitoring goals and practices are dependent on the
characteristics of the ore body, this section begins with a discussion of geographic, geologic, and
chemical characteristics typical of uranium deposits suitable for leaching.

4.1 Uranium Geology

The principal regions of uranium recovery by ISL/ISR are the Wyoming basin, the Colorado
Plateau and the Gulf Coastal Plain of Texas. The southern Black Hills in South Dakota and
northeast Colorado/western Nebraska within the Great Plains region also contain sedimentary
uranium deposits amenable to ISL/ISR.

Leachable uranium deposits are found in sandstones that have been deposited in intermontane
basins, along mountain fronts, and in near-shore marine and deltaic environments. The deposited
sediments were created as a complex and heterogeneous rock sequence that may be greater than
2,000 meters thick (Rojas 1989). This rock sequence can be made up of a number of water-
bearing units separated by confining units. The water-bearing unit containing the ore body is
separated (at least locally) from other water-bearing units above and below.

Zones of uranium mineralization follow a general trend of drainage channels. Individual ore
bodies in sandstone lenses rarely exceed a few hundred yards in length (Rojas 1989). These are
typically “roll-front” deposits that are formed when oxygenated water enters the sandstone
aquifer by local recharge dissolving the uranium. Deeper into the aquifer, the oxygen becomes
depleted and typically a convex curved redox interface is formed, with reducing conditions on
the downgradient side and oxidizing conditions on the upgradient side. Reducing conditions can
be caused by contact with carbonaceous material and pyrite.

Freshly precipitated uranium along with uranium in the arkosic sandstone minerals is
continuously dissolved by oxygenated groundwater and displaced further downgradient (Rojas
1989). As the uranium comes in contact with the reducing conditions downgradient, an
economically recoverable deposit of uranium may eventually be formed. The term “roll front” is
used because over time, the redox interface rolls downgradient as more oxygen is transported
into the aquifer. The inner contact of ore and altered sandstone are generally sharp, whereas the
uranium concentration on the reduced side of the interface is gradational.
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4.2 Establishing Baseline Conditions

Prior to initiating the ISL/ISR activities, knowledge of the aquifer baseline characteristics is
needed to help determine restoration goals for the post-mining phase. Pre-mining monitoring
and testing wells are installed to collect data that define the groundwater flow regime through the
extraction zone and surrounding areas and determine the chemical characteristics of the
groundwater. Monitoring wells should be installed at well locations upgradient, downgradient,
and tangential to the proposed ISL/ISR field, as well as within the “ore-zone.” Well placement
should be designed to measure all potential ”escape” pathways for introduced constituents and
mobilized metals, as well as to provide data to determine the choice and effectiveness of aquifer
restoration actions. The design of the monitoring network is largely a site-specific decision
predicated on a thorough knowledge of the groundwater flow regime and the effects of the
injection and withdrawal rates on the flow system behavior. A system of wells should be
emplaced to monitor the horizontal and vertical groundwater velocity and flow paths,
groundwater chemical conditions, and the potential for hazardous constituents to migrate beyond
the ISL/ISR mine field, both within the mined aquifer and through transmission of contamination
to overlying and underlying aquifers. These areas beyond the ISL/ISR may experience
contamination from the mined area beneath them.

The following components and parameters need to be considered in establishing baseline site
characteristics (more details can be found in Part 2):

(1) Hydro-geochemical Conditions — Eh (including redox sensitive couples), dissolved
oxygen, pH, major ions, total dissolved solids (TDS), carbonate alkalinity, pCO,,
radioactive constituents, colloids, organic constituents, hydrogen sulfide, trace elements
(to be compared against post-restoration measurements).

(2) Concentrations of those constituents listed in 40 CFR Part 192 — Arsenic, Barium,
Cadmium, Chromium, Lead, Molybdenum, Nickel, Radium-226 and -228, Selenium,
Silver, Thorium, Uranium, etc.

(3) Uranium Ore Deposit Types and Oxidation States — The site-specific and varied diagenic
processes that formed the uranium deposits will determine how baseline conditions will
be affected by ISL/ISR operations and which restoration approach is likely to be most
effective. Knowledge of these processes can be used as a framework in estimating the
timeframe needed for the aquifer to reach baseline conditions once post-mining
restoration and monitoring are initiated.

(4) Hydro-geologic Setting — Pre-mining groundwater velocities (un-stressed), flow paths,
and solute transport timeframes. A reliable and defensible characterization survey of the
ISL/ISR site requires thorough core and water sampling from all monitoring wells and
exploration boreholes. Sufficient data must be collected before the mining activity to
understand when baseline levels have been reached after mining. Aquifer pump/stress
tests and core sample analysis will determine aquifer characteristics within and
surrounding the ore body and be used to determine:

a. Host rock and ore zone permeability, porosity, storativity, thickness
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b. Whether more monitoring wells are needed for post-closure activities and to
assess the timeframe of post-closure monitoring

c. Timeframe estimates after mining has ceased, in order for the system to reach pre-
ISL/ISR conditions

d. Recharge/discharge points

e. Impermeable layers above and below ore zone

f. Proximity to groundwater barriers

g. Proximity to surface water bodies — natural or manmade

Sampling the groundwater may require special sample collection techniques, depending on the
chemical constituents of concern. For major ions and some other chemical species, sampling
may be relatively simple, in that these species are not susceptible to change upon exposure to
atmospheric conditions. For species that are susceptible to re-equilibration in response to
atmospheric conditions, particularly redox-sensitive species and the carbonate-bicarbonate
system, water sampling may require that the sampled interval be “packed off” within the well
and water samples taken in containers, which were placed within the sealed intervals prior to the
“packing-off” and left to equilibrate in the flowing groundwater for a period of time prior to
removal. Redox-sensitive couples typically examined include ferrous (I1)/ferric (111) iron, and
the arsenic (111) /arsenic (V) couple. In addition to dissolved oxygen levels, these couples can
produce important characterization of the redox conditions in the production zone prior to,
during, and after the leaching process, and can also be important in determining the effectiveness
of various aquifer restoration processes.

In addition, uranium speciation is strongly affected by pH and carbonate concentrations in the
groundwater, which, in turn, are a function of the pCO, in the groundwater. Exposure of the
groundwater sample to the atmosphere can result in the escape of CO, and re-equilibration of the
uranium-carbonate system due to the out-gassing. The uranium concentrations in the re-
equilibrated water would not reflect the actual speciation in-situ, and, consequently, could result
in misleading calculations of uranium speciation and solubility constraints in the subsurface
waters. Because of these effects and their relative importance to characterizing the in-situ
groundwater chemistry, monitoring water chemistry in and around the *“ore body” may well
require differing sampling methods.

4.3 Extraction Operations Phase
During the ISL/ISR mining operations phase, wells are placed in the active ISL/ISR-treatment
zone, fringe zone (wells at the ISL/ISR-mine boundary), and outside the impacted areas. The

functions of a monitoring system during the extraction phase include:

(1) Monitoring the extraction process to determine uranium recovery rates within the mining
zone

(2) Assessing the mass-balance of the lixiviant fluids
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(3) Monitoring excursions beyond the ore zone (both within the ore-bearing aquifer and in
overlying and underlying aquifers)

(4) Monitoring groundwater chemical composition in wells surrounding and downgradient of
the extraction field

(5) Monitoring the chemical composition of groundwater upgradient of the extraction field to
determine if these waters are chemically stable over the course of the extraction effort

4.4 Post-Extraction Phase

The post-extraction monitoring system should be designed to assess the effectiveness of the
remediation process, assess when final remediation objectives have been met, and assure that the
impacted aquifer is at steady state and the site is ready for decommissioning. A system of wells
located in the active treatment zone, as well as outside the boundary of the impacted area, is
required to monitor the horizontal and vertical groundwater velocity and flow paths within and
around the vicinity of the ISL/ISR site. The functions of a post-mining monitoring system
include:

(1) Measuring downgradient groundwater chemical constituents to determine if and/or when
the groundwater chemistry has returned to pre-ISL/ISR compositions (baseline)

(2) Determining if additional chemical components have been added to the groundwater as a
product of the extraction process (e.g., metals mobilized with the uranium)

(3) Demonstrating when the groundwater chemistry has reached “stable” levels (i.e.,
statistically equivalent compositions over an extended time period)

(4) Determining if post-mining restoration levels for groundwater constituents have been met
4.5 Factors Affecting Post-Mining Timeframes and Wellfield Stability

Post-restoration monitoring must be of sufficient duration to assure that once groundwater
chemistry appears to have reached acceptable restoration levels, these levels are at steady state
and the groundwater system is at equilibrium. Steady-state restoration levels are not just for
uranium, but include other hazardous constituents that may have been mobilized by ISL/ISR
operations, such as radium, manganese, and selenium. Chemical speciation and solubility, as
well as natural attenuation processes, must be understood to determine when the impacted
aquifer has reached a steady-state condition.

Aquifer restoration is complex and results can be influenced by a number of site-
specific hydrological and geochemical characteristics. In some cases, such as at Bison
Basin and Reno Creek, the aquifer was restored in a relatively short time. In other
cases, restoration required much more time and treatment than was initially estimated
(e.g., the A- and C-Wellfields at the Highland ISL facility).
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The environmental chemistry of uranium is largely dictated by its oxidation state, with the
solubility, and therefore mobility, of uranium the greatest when it is in the U(VI) state. Because
different chemicals may be used during the restoration process than were used during ISL/ISR
operation, the chemical form of uranium or other hazardous constituents may differ during
restoration. Since most of the available computer codes do not have a method of calculating
reaction rates, these reactions may be unexpected, and the duration of the monitoring program
must be long enough to accommodate such unexpected conditions.

Natural attenuation processes include a variety of physical, chemical, and biological processes
that can act to reduce the mass, mobility, volume, or concentration of contaminants in
groundwater. Attenuation processes important at ISL/ISR sites include pH buffering and acid
neutralization, adsorption at the mineral-water interface, mineral precipitation, dilution, and
biological processes.

Another factor affecting the post-monitoring timeframe and wellfield stability is the form of
remediation utilized. Pump and treat and geochemically-based techniques are commonly applied
remediation approached. Monitored natural attenuation is another response action that may be
effective in certain situations.

Pump and Treat
Alternative approaches included in pump and treat remediation are:

e Groundwater Transfer — This involves transferring groundwater between the wellfield
starting restoration and another where uranium leach operations are beginning. No liquid
effluents are generated as water is transferred between one wellfield and another.

e Groundwater Sweep — Injection of lixiviant is stopped and the contaminated liquid is
pumped from the leaching zone via all the injection and production wells. Fresh
groundwater flows into the leaching zone from the outside, which displaces lixiviant in
the pore spaces. Typically, an ion-exchange system is used to process the sweep water,
which is disposed of either in evaporation ponds or via deep well injection in accordance
with the site permit. The pumping rates are site specific, and the duration and volume of
water removed depends on the aquifer affected by the ISL/ISR. Due to heterogeneities in
the aquifers, groundwater sweep alone is insufficient and uneconomical for complete
restoration. In addition, groundwater sweep may cause oxic conditions from upgradient
waters to enter the ore zone, making it more difficult to re-establish chemically reducing
conditions.

e Reverse Osmosis (RO) — To return groundwater to baseline conditions, it is usually
necessary to remove contamination from the mined zone water while minimizing
disposal of waste liquids. Reverse osmosis, which involves passing the water being
restored through pressurized, semi-permeable membranes, is a common way of treating
groundwater. The RO treatment results in clean water or permeate that can be re-injected
into the aquifer and brine that is water with concentrated ions. The brine is usually sent
to an evaporation pond, injected into deep disposal wells, or dried (using an evaporator)
for disposal at a licensed facility.
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e Permeate Injection — Many aquifers are characterized by porosity where groundwater
with decreased mobility resides in regions of moderate to low permeability. It is very
difficult to remove all of the lixiviant and associated contamination from this portion of
the groundwater, which will act as a source of contaminants, even after long periods of
pumping and treating. Chemicals may be added to injection water in the latter stages of
restoration to assist in re-establishing baseline conditions. This includes reducing the
mobility of many of the metal species that make up contaminants of concern, including
uranium, selenium, molybdenum, and arsenic.

Geochemically-Based Techniques

Another component of aquifer restoration is accomplished by establishing a chemical
environment that alters the solubility of dissolved constituents, such as uranium, arsenic, and
selenium. These methods typically invoke chemical reactions in which the valence state of
elements are either oxidized to a higher valence state or reduced to a lower valence state.

Monitored Natural Attenuation

Monitored natural attenuation (MNA) refers to the reliance on natural processes to achieve site-
specific remediation objectives within a reasonable timeframe. These processes include
biodegradation, dispersion, dilution, sorption, and volatilization; radioactive decay; and chemical
or biological stabilization, transformation, or destruction of contaminants. The overall impact of
MNA at a given site can be assessed by evaluating the rate at which contaminant concentrations
are decreasing either spatially or temporally. EPA has prepared a technical resource document
(EPA 2007a and 2007b) that presents a four-tiered assessment of MNA as a viable response
action for selected metal, metalloid, and radionuclide contaminants encountered in groundwater
and involves the following: (1) demonstrating contaminant sequestration mechanisms; (2)
estimating attenuation rates; (3) estimating attenuation capacity of aquifer solids; and (4)
evaluating potential reversibility issues. Additional details on MNA can be found in Part 2,
section 7.4.

4.6 Modeling

Groundwater fate and transport modeling is often utilized to reduce the uncertainty regarding the
spatial and temporal behavior of the contaminant plume(s). For example, groundwater modeling
is commonly implemented at ISL/ISR facilities to assist in meeting the following objectives:

e Optimize the monitoring well spacing to detect injection fluid excursions into non-mined
aquifer zone(s)

e Estimate the number of pore volumes needed during site remediation activities to
adequately reduce contaminant concentrations

e Establish a specific period of monitoring for ISL/ISR facilities once uranium extraction
operations are completed
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A conceptual model that summarizes the theoretical understanding of the primary conditions that
affect groundwater flow and chemical transport and fate is first developed. Then, to solve the
general model, a computer code is used. Computer codes frequently used to meet the modeling

objectives at ISL/ISR facilities include three types: (1) groundwater flow, (2) particle tracking;
and (3) transport codes.
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5.0 STATISTICAL ANALYSES TO COMPARE PRE- AND POST-ISL/ISR
CONDITIONS

Although statistical analyses are used in all phases of the ISL/ISR process described above,
statistical hypothesis tests are specifically used to establish baseline monitoring requirements
(Phase 1), to determine when restoration is complete (Phase 4), and when long-term stability has
been demonstrated (Phase 5). Hypothesis testing is a statistical tool for deciding when the
groundwater has reached steady state, and for the comparison of post-restoration conditions with
predetermined restoration goals.

The statistical tests are based on measurements of baseline and post-restoration water quality
conditions at the site. These measurements include a wide variety of water quality parameters.
Usually, the measured parameter is a concentration of a possible contaminant in a specific well at
a given time, although other water quality parameters may also be analyzed using the methods in
this section.

Both linear regression and the nonparametric Mann-Kendall trend test are recommended as
viable alternatives in EPA 2006 and EPA 2009. Linear regression relies on a variety of
assumptions, for example, normality which needs to be tested. The Mann-Kendall trend test may
be used with any series of four or more independent samples to test for trends in well parameters.
The test can be employed in Phase 1 to check for unexpected trends in baseline samples, in Phase
4 to determine when steady state is reached, and particularly in Phase 5 to establish long-term
stability. The Wilcoxon Rank Sum test (also known as the Mann-Whitney or Wilcoxon-Mann-
Whitney test) can be applied in Phase 5 to compare post-restoration well parameters with
baseline parameters, assuming that both datasets are stationary. The Wilcoxon Rank Sum
(WRS) test is recommended for comparing baseline and post-remedial wells in EPA 2006.

It is essential that sufficient data be collected to support a statistical comparison of baseline and
post-restoration conditions. Under ideal conditions, the dataset would include a complete time
series of measurements systematically collected at each well at equally spaced times using the
same measurement device with a very low limit of detection. In reality, such datasets exist only
in textbook examples.
In summary, the preferred statistical approaches for each phase are:
Phase 1 Baseline Sampling

e Estimate required number of samples

e Adjust measured data for seasonality, if required

e Use Mann-Kendall test to check for unexpected trends
Phase 4 Determination of Steady State

e Adjust measured individual well data for seasonality, if required.
o Use Mann-Kendall test for individual well trends.
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o Ifatrend is detected, use linear regression or Theil-Sen test? to assess trend magnitude.

e If trends not detected, use WRS test to compare baseline to steady-state measurements for
statistical differences for a single well. Repeat for all wells.

e For multiple wells, when trends are not detected, first test wells for homogeneity. If test
results confirm homogeneity, then test to confirm compliance of all wells with restoration
goals.

o If steady-state data are from different wells than the baseline data and trends are not
detected, use WRS test to compare baseline to steady-state measurements for statistical
differences for the pooled data of all wells combined, which are treated as a single well.

Phase 5 Long-term Stability Monitoring

e Adjust measured data for each well for seasonality, if required.
e Use Mann-Kendall test for trends for each well.
e If trend is detected, use linear regression or Theil-Sen test to assess trend magnitude.

e If trends not detected, use WRS test to compare baseline to stability monitoring results
for a single well. Repeat for each well.

e If the before/after comparison is made between multiple wells, first test all wells for
homogeneity using chi-squared approach, then test to confirm compliance of all wells
with restoration goals.

e If post-restoration data are from different wells than baseline data and trends are not
detected, use WRS test to compare baseline to stability monitoring results for the pooled
data of all wells combined.

Statistical tests for trends are recommended for demonstrating stability of the site after
restoration. Statistical tests are also recommended for comparing post-restoration conditions
with baseline conditions after stability has been reached. Several EPA sources were used as the
bases for the statistical tests. Although these sources do not recommend procedures for ISL/ISR
sites in particular, the sources are either general in nature or address related issues. These
sources include guidance for applying the Data Quality Objectives (DQOSs) at remediated
CERCLA sites (EPA 2002a), guidance for conducting the statistical tests in the Multi-Agency
Radiation Survey and Site Investigation Manual (MARSSIM) (EPA 2000), guidance for
statistical analysis of groundwater monitoring data at RCRA facilities (EPA 2009), and general
guidance for the application of nonparametric statistical tests found in Data Quality Assessment:
Statistical Methods for Practitioners, EPA QA/G-9S (EPA 2006). Many of the procedures for
conducting the tests discussed above, in section 8, and explained in detail in Attachment D were
adapted from the EPA QA/G9S document.

2 Theil-Sen test is a nonparametric alternative to linear regression and is often used when constructing
trends on data sets containing non-detects. The Theil-Sen line estimates the change in median concentration over
time and not the mean as in linear regression.
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PART 2

Overview to Part 2

Part 1 of this document provided basic background and context to frame issues related to
groundwater monitoring at ISL/ISR sites. Part 2 provides additional technical detail specific to
the questions of establishing baseline conditions, post-operational stability monitoring, and
statistical approaches that can be applied to determine that the restoration performance objectives
have been achieved.

EPA believes it is important to provide the SAB with the context so that the SAB may relate the
technical questions to the complex physical situations in which they might be applied. We also
believe it is important for the SAB to understand the statutory basis governing our regulatory
approach, i.e., EPA's standards must be consistent with RCRA requirements, but those standards
are implemented and enforced by NRC or its Agreement States through its licensing
requirements. It should therefore be understood that while EPA is requesting advice on the
technical aspects to be considered in a rulemaking that will establish standards applicable to
ISL/ISR facilities, EPA is not requesting advice on either the form or content of those standards.
EPA's regulatory proposal will be informed, in part, by the technical advice of the SAB, and will
be developed in a manner that is consistent with EPA's UMTRCA standard-setting authority
while taking into account the Agency’s broader groundwater protection and risk management
policies.

EPA recognizes that setting standards involves both policy and technical elements and that it can
be difficult to clearly separate the two. For example, defining technical criteria that would
indicate stability of post-restoration conditions naturally raises the question of how long such
monitoring should be conducted. As a technical matter, EPA is requesting advice from the SAB
to account for influences such as the size of the well field and seasonal variation. As a policy
matter, EPA will determine whether a monitoring period should be specified and, if so, what that
period should be.

Similarly, this document addresses statistical approaches such as confidence levels and specific
tests that can be applied to determine restoration goals and whether those goals have been
achieved. EPA is requesting advice from the SAB regarding the validity of these approaches,
whether other approaches might be equally valid or more suitable for the situation, and what
factors may affect their application (e.g., the amount of data required). EPA will determine how
to incorporate these considerations into our standards, which will be developed through notice-
and-comment rulemaking.

6.0 ACTIVE/EXISTING ISL/ISR FACILITIES: MONITORING ISSUES

Many of the standards in 40 CFR 192.32 refer to RCRA 40 CFR 264 Part, Subpart F, which
describe EPA’s regulatory approach for releases to groundwater from waste management units
that store, treat, and dispose of hazardous waste. Although §264.97 is not specifically cited in
8192.32, it provides some useful guidance regarding general requirements that could be
considered for establishing a suitable groundwater baseline:
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(9) In detection monitoring or where appropriate in compliance monitoring, data
on each hazardous constituent specified in the permit will be collected from
background wells and wells at the compliance point(s). The number and kinds of
samples collected to establish background shall be appropriate for the form of
statistical test employed, following generally accepted statistical principles. The
sample size shall be as large as necessary to ensure with reasonable confidence
that a contaminant release to ground water from a facility will be detected. The
owner or operator will determine an appropriate sampling procedure and
interval for each hazardous constituent listed in the facility permit which shall be
specified in the unit permit upon approval by the Regional Administrator. This
sampling procedure shall be:

(1) A sequence of at least four samples, taken at an interval that assures, to
the greatest extent technically feasible, that an independent sample is
obtained, by reference to the uppermost aquifer’s effective porosity, hydraulic
conductivity, and hydraulic gradient, and the fate and transport
characteristics of the potential contaminants, or

(2) An alternate sampling procedure proposed by the owner or operator and
approved by the Regional Administrator.

Issue: In practice, the procedures for establishing the groundwater baseline are site-
specific and are included in the facility license issued by the NRC or Agreement
State.

6.1 Groundwater Baseline: Case Studies

There is some variation among states in the requirements for baseline monitoring. An example
of the development of the groundwater baseline for the proposed Dewey-Burdock ISL/ISR
operation in South Dakota is included in Attachment A. In Texas, 26 chemical constituents are
measured before mining to establish a baseline, as shown in Table 6-1. This is example data
from Production Authorization Area (PAA) No. 1 at the Zamzow ISL/ISR facility. Baseline
values shown in the table represent the highest average concentration from either the production
or mine area, which are commonly selected as initial restoration goals (Hall 2009).

In its license application for the Moore Ranch Uranium Project in Campbell County, Wyoming,
Energy Metals Corporation proposed that the wellfield baseline would be established by
sampling production zone wells 4 times, with a minimum of 2 weeks between samplings (NRC
2010, Section 6.3.1.1) Energy Metals also proposed that the number of wells sampled would be
1 well for each 3 acres of mine unit. Data for each sampled parameter are to be averaged and
used to calculate restoration goals. The average and range of baseline values in the production
zone are then used to assess the effectiveness of subsequent groundwater restoration.
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Table 6-1. Baseline Water Quality Data for Zamzow PAA-1

Production Zone
Parameter Unit Mine Area** Production Area

Low Average High Low Average High
1 Cadmium mg/I 122 317 552 195 269 390
2 Magnesium mg/l 15 38.4 84.2 3.0 21.1 40
3 Sodium mg/I 239 387 750 235 383 466
4 Potassium mg/l 19 30.3 49 18.9 26.7 90
5 Carbonate mg/l 0 0 0 0 0 0
6 Bicarbonate mg/l 128 297 400 157 269 346
7 Sulfate mg/I 454 793 1,520 441 601 940
8 Chloride mg/I 350 503 936 394 538 662
9 Fluoride mg/I 0.16 0.54 1.19 0.01 0.36 0.50
10 | Nitrate - N mg/I <0.01 0.16 0.9 <0.01 0.14 0.49
11 | Silica mg/I 31 51.6 85 11 43.9 74
12 | pH Std. units 6.6 7.0 7.66 6.68 7.0 7.45
13 | TDS mg/I 1,697 2,289 3,220 1,810 2,037 2,360
14 | Conductivity pmhos 2,720 3,204 4,300 2,680 3,049 3,430
15 | Alkalinity Std. units 105 275 400 206 238 204
16 | Arsenic mg/I <0.001 0.009 0.03 <0.001 0.006 0.044
17 | Cadmium mg/I <0.0001 0.001 0.007 <0.0004 0.001 0.0013
18 | Iron mg/I 0.01 0.915 8.0 0.03 0.075 0.26
19 | Lead mg/I <0.001 0.001 0.006 <0.001 0.004 0.02
20 | Manganese mg/l 0.009 0.224 0.82 0.01 0.118 0.19
21 | Mercury mg/I <0.0001 | 0.0004 0.0018 0.0001 0.0006 0.001
22 | Selenium mg/I <0.001 0.01 0.01 <0.001 0.004 0.01
23 | Ammonia mg/I <0.01 0.374 14 <0.01 0.298 0.78
24 | Uranium mg/I <0.001 0.171 1.7 <0.001 0.039 0.432
25 | Molybdenum mg/l <0.001 0.03 0.95 <0.001 0.226 2.1
26 | Radium-226 pCi/l 15 155 959 6.5 152 744

** _ Monitor wells
Source: Hall 2009

In another example, Mine Unit 4 of the Christensen Ranch Project located in Wyoming, the
wellfield covered about 12 acres and, consequently, 12 injection or production wells were used
to establish baseline groundwater conditions within the ore zone, which in turn set the restoration
goals (Cogema 1994).

Commercial-scale uranium ISL/ISR facilities usually have more than one wellfield. For
example, the Crow Butte facility in Dawes County, Nebraska, has constructed 10 wellfields since
1991 (Crow Butte 2007). The locations and boundaries for each wellfield are adjusted as more
detailed data on the subsurface stratigraphy and uranium mineralization distribution are collected
during wellfield construction.

6.2 Wellfield Restoration
Wellfield restoration is defined as those actions taken to assure that the quality of the

groundwater adjacent to the ISL/ISR wellfields will not be adversely affected by the uranium
extraction process (NRC 2001). This requires returning the wellfield water quality parameters to
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meet the restoration goals included in the facility license by NRC or the Agreement State. Based
on pre-mining monitoring, the operator establishes baseline values for the groundwater quality.
The regulator then uses these baseline values to set restoration goals in the wellfield license.

It should be noted that the portion of the aquifer undergoing uranium extraction is exempt from
EPA regulatory protection under the Safe Drinking Water Act (specifically the UIC Program at
40 CFR Part 144). However, groundwater adjacent to the exempted portion of the aquifer must
still be protected, and groundwater protection provisions for this water are in effect. Similar to
the NRC Agreement State provisions,® the EPA Primacy State may impose more stringent
requirements for groundwater restoration than the federal program (NRC 2003). Groundwater
restoration requirements may vary from state to state. Of particular importance is underground
injection and point source discharge into surface waters. Currently, UIC programs are
administered (as authorized by EPA) in Wyoming, Nebraska, and New Mexico. South Dakota
administers the program jointly with EPA.

6.3 Wellfield Restoration: Case Study

Restoration results from 22 PAAs in Texas are summarized in Table 6-2 (Hall 2009). It is
apparent that for all of the PAAS, post-restoration analyses exceeded the baseline for some of the
parameters tested. Similar information on restoration of sites in other states was extracted from
NRC 2009 and is included as Attachment C.

® Texas, Colorado, and Utah operate as Agreement States under NRC regulations in establishing state-
specific ISL regulations, while Wyoming, New Mexico, and South Dakota are directly regulated by NRC. Nebraska
is also an Agreement State, but since it does not have specific ISL regulations, these facilities are regulated by the
NRC.
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Table 6-2. Groundwater Chemistry of Texas In-Situ Uranium Production

Authorization Areas (PAAS)

PAAs with PAAs with _Post- PAAs Where | PAAs Where
EPA a_nd TCEQ ) Baseline Above Restoration Post—_ Post—_
Analyte Drinking Water Baseline Range Post-Restoration MCL or Water Above Restoration Restoration
Standards Range R MCL or Analyses Analyses are
ecommended
(mg/l) Standards Recommended Exceed Below
Standards Baseline Baseline
EPA and TCEQ Primary Maximum Contaminant Levels (MCLs):
Arsenic 0.01 .004-0.23 .002-.323 7% 55% 18% 82%
Cadmium 0.005 0.0001-0.0126 0.0001-0.01 45% 23% 27% 73%
Fluoride 4 0.21-1.8 0.29-1.6 0% 0% 31% 69%
Lead 0.02 0.003-1.97 0.001-0.05 81% 18% 9% 91%
Mercury 0.002 0.0001-0.445 0.0001-0.01 9% 0% 22% 64%
Nitrate 10 0.031-10.0 0.001-2.8 0% 0% 4% 96%
Selenium 0.05 0.001-0.049 0.001-0.102 18% 4% 54% 45%
?;g';g": (éé?”f‘ 5 pCill 9.36-429.8 5.2-149 100% 100% 4% 96%
Uranium 0.03 0.025-2.0 0.013-3.02 95% 86% 68% 32%
TCEQ Secondary Recommended Standards:
Sulfate 300 15.8-250 78-3881 0% 18% 86% 14%
Chloride 300 196.9-3505 138-3326 86% 86% 22% 78%
gglti:SD'sso'Ved 1000 785.7-6349 706.3-6155 81% 7% 31% 55%
Iron 0.3 0.04-5.49 0.01-2.7 54% 9% 4% 96%
Manganese 0.05 0.01-0.41 0.01-0.84 7% 50% 40% 60%
No Established MCL or Secondary Standards
Calcium = 4.13-241 14.7-191 7% 23%
Magnesium - 0.477-125 2.27-53 72% 28%
Sodium - 200-2356 169-2247 31% 65%
Potassium - 6.38-101 6.1-70 14% 86%
Carbonate - 0.1-17.9 0-14.6 50% 30%
Bicarbonate = 160-500 160-500 66% 25%
Silica - 16.3-76 13.4-77.6 19% 81%
Conductivity - 1310-11160 1429-3697 76% 24%
(umhos/cm)
'é‘;"c‘"(';g;ty (as - 134-349 145-408 81% 10%
Molybdenum - 0.01-0.2 0.0001-3.38 42% 54%
Ammonia-N - 0.01-7.49 0.04-120 76% 24%

Baseline and post-restoration date was available for all 22 PAAs with the exception of Ra, Mo, K, Si, Bicarbonate, Ammonia (21), Conductivity
(14), Alkalinity (11), & Carbonate (10)
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7.0 ISSUES ASSOCIATED WITH ESTABLISHMENT OF POST-RESTORATION
STEADY STATE

During restoration, the operator monitors progress by periodic sampling of the groundwater
constituents until steady-state conditions are attained. Establishment of steady state requires that
the groundwater potentiometric surface be restored, to the extent practicable, to its pre-leaching
status, so that the flow regime is similar to that existing before mining. In addition, constituents
in the groundwater must be in compliance with restoration goals and remain at those levels for a
sufficient period to demonstrate that the results are not trending upwards to higher concentration
levels. EPA defines a “steady state,” which is characterized by the following relevant
components (EPA 1992, Chapter 7):

(1) After treatment, the water levels and water flow, and the corresponding variability
associated with these parameters (e.g., seasonal patterns), should be essentially the same
as for those from comparable periods of time prior to the remediation effort.

(2) The pollutant levels should have statistical characteristics (e.g., a mean and standard
deviation), which will be similar to those of future periods.

The first of these components provides the general behavior and characteristics of the
groundwater at the site. The second is more judgmental and projects future contamination, based
on available current information. These projections cannot be made with certainty; however,
there are various criteria that can be used in determining whether a steady state has been reached.
Statistical tests for measuring attainment of steady state are discussed in Sections 8.3 and 8.4.
When the regulator is satisfied that steady state has been achieved, the operator is authorized to
undertake long-term post-restoration stability monitoring.

7.1 Post-Restoration Stability Monitoring

Once the operator concludes that restoration has been completed and has obtained concurrence
from the regulator(s) that a steady state has been established, post-restoration stability
monitoring begins. The purpose of the stability monitoring is to demonstrate that the aquifer
conditions established at the end of restoration are sustainable over time. Currently, the duration
of stability monitoring is a site-specific period of time established in the license(s). In the past,
the license-established restoration period typically has been about 6 months (see case histories in
Attachment B). More recently, the trend has been to increase the monitoring period established
in the license. In practice, the actual period of stabilization may be several years, based on
iterative analyses of additional samples requested by the regulators. If the sandstone in the
aquifer is heterogeneous, extended restoration times may be required to insure that groundwater
in slow pathways is addressed.

7.1.1 ISL/ISR Extraction Phase
During the ISL/ISR mining phase (Phase 2, Figure 3-1, wells are placed in the active ISL/ISR-

treatment zone, fringe zone (wells at the ISL/ISR-mine boundary), and outside the impacted
areas (see Figure 2-4). Parameters that need to be measured are site-specific. Basic
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measurements include Eh, pH, major ions, TDS, carbonate species, radioactive constituents,
colloids, organic constituents, and trace elements compared with pre-ISL/ISR measurements.
The measurement frequency for each monitoring well is dependent on ISL/ISR injection-
extraction cycle and groundwater flow and transport times moving across ISL/ISR field. This
report is not concerned with the detection and correction of excursions during the leaching
operations. However, monitoring wells used to detect excursions during operation may also be
used to collect data for post-mining groundwater evaluation.

7.2 Factors that Affect Post-Mining Monitoring Timeframes

A number of factors must be understood to determine when the impacted aquifer has reached a
steady-state condition. This section summarizes these factors.

7.2.1 Fateand Transport Process

The monitored timeframe is dependent on mass balance estimates of how much extraction fluid
remains in the aquifer. A mass balance of the total volume of lixiviant injected into the system
and the volume withdrawn needs to be determined by the monitoring during operations. The
lixiviant used to extract the uranium can mask baseline constituents and affect reaction kinetics.
Knowing how much lixiviant remains in the aquifer will aid in understanding whether some
reactants are still in the system, if some have migrated outside the monitored area, been
temporarily sequestered in low permeability zones, or are undergoing incomplete or slow
reaction kinetics that may release constituents later on.

7.2.1.1 Speciation

The environmental chemistry of uranium is largely dictated by its oxidation state (e.g.,
Fanghanel and Neck 2002). Under ambient oxidizing conditions, the predominant uranium
oxidation state is U(VI). Where oxygen is limited, U(IV) may dominate. The metallic form,
U(0), does not occur naturally, and is readily oxidized to U(IV), and eventually U(V1), upon
exposure to oxidizing conditions. The mechanisms for the oxidation of U(0) and U(1V) to U(VI)
are well established (e.g., NRC 2007). It is rare to find other oxidation states of uranium [e.g.,
U(V) and U(I11)] under natural conditions, due to their instability.

In general, the solubility and therefore the mobility of uranium is greatest when it is in the U(V1)
state. Complexation of U(VI) by inorganic anions, such as carbonate, fluoride, and phosphate,
may enhance the solubility and mobility of this species. When reducing conditions are present,
U(IV) is generally immobile and found either as an insoluble oxide (uraninite) or a silicate
(coffinite). Under oxidizing conditions and near neutral pHs, U(V1) species dominate aqueous
uranium concentrations. These highly soluble species are generally either hydroxy or carbonato
complexes of the uranyl (UO,**) cation, although elevated concentrations of potential inorganic
ligands near the ISL/ISR target zone may exert greater influence on U(V1) speciation (e.g.,
phosphate).

Calcium (or other alkaline earth metals, such as magnesium) and inorganic carbon in
groundwater tend to dominate the aqueous speciation of U(V1) under near neutral pH conditions.
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The presence of these species is common in many natural groundwater systems (Hem 1985) and,
as noted below, these speciation characteristics also influence the degree to which U(V1) will
adsorb onto aquifer solids. Under reducing conditions, U(1V) species, primarily the uranyl
cation and its complexes, predominate, but due to the very low solubility of U(IV) minerals,
reach maximum concentrations on the order of 10 nM (2.4 pg U/L). For all practical purposes,
therefore, only U(V1) aqueous species are at sufficient concentrations to be of environmental
concern. Under oxidizing conditions and neutral pHs, U(V1) species dominate aqueous uranium
concentrations.

Chemical reaction kinetic equations or equilibrium thermodynamic equations can be used to
describe chemical interactions among dissolved chemical species, the dissolution of immobile
solid phases, or the formation and precipitation of new, immobile solid phases.

Geochemical modeling is often performed at ISL/ISR facilities to gain a better understanding of
thermodynamically controlled processes that include mineral dissolution/precipitation,
oxidation/reduction and adsorption/desorption.

Most of the available computer codes assume thermodynamic equilibrium and do not have a
method of calculating reaction rates (i.e., kinetics). If a mineral forms or dissolves slowly in a
system, the model developed from these codes will not account for these kinetic effects. This is
not a major limitation for most aquifer systems, where residence times are measured in years;
however, Kinetic effects can become more important in modeling reactions anticipated to occur
during applied remediation methods, such as the injection of reactants into an aquifer.

7.2.1.2 Speciation: Case Study

Illustrative of speciation problems is experience with iron at the Crow Butte ISL/ISR facility.
Crow Butte Resources (CBR) experienced difficulty in restoring desired iron levels during
wellfield restoration. During the initial stabilization monitoring period in 1999, the iron
concentration averaged 0.089 mg/L. Subsequent testing in the summer of 2002 showed an
average iron content of 0.278 mg/L. The operator attributed this to speciation initiated by the
original injection of lixiviant, with subsequent transitory solubility increases resulting from the
selected restoration method. As stated in Crow Butte 2002:

CBR believes that the elevated iron concentrations are due to the restoration
process and will ultimately decrease to concentrations well below the restoration
standard. During the in situ mining process, when the groundwater is oxygenated
and the Eh is positive, the iron contained in pyrites is oxidized to ferric iron and
forms ferric oxyhydroxides. The ferric oxyhydroxides are extremely insoluble,
which explains the very low concentrations of iron in solution during mining,
indicated by the end of mining values which, with the exception of one restoration
well (PR-19), were below the detection limit of 0.05 mg/L. During the active
restoration process, however, sodium sulfide is used as a reductant to decrease
the Eh of the groundwater. As the Eh drops, the stable solid iron phase is
reduced from ferric iron to ferrous iron, which is more soluble. During the
transition from ferric to ferrous iron, the iron concentration in the groundwater
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increases significantly. This increase in the iron concentration is transitory and,
as the Eh continues to decrease, iron sulfide minerals will be the dominant iron
phase. Because of the relative insolubility of these iron sulfide minerals, this will
cause a significant decrease in the iron concentration in solution. Based on these
mechanisms, CBR expects that the elevated concentrations of iron at the current
time will ultimately decrease.

7.2.1.3 Solubility

In most natural conditions, the thermodynamically stable uranium solid phases will be either
U(VI) or U(IV) compounds. The most stable U(VI) compounds are the phosphates and
vanadates, but their formation is often limited by the relatively low concentrations of these two
anions, and thus more soluble U(VI) oxides, such as schoepite, which is bright yellow in color,
are often seen if any U(V1) solid phases are present. A significant fraction of the solid-phase
U(VI) will be adsorbed to iron (hydr)oxide surfaces, the edges of clay minerals, and to organic
matter, rather than precipitated as discrete U phases. Maximum solubility of uranium is seen in
oxidizing, phosphate-free, carbonate-rich solutions, and consequently, carbonates (or
bicarbonates) and oxygen or hydrogen peroxide are the principal reagents used for ISL/ISR
mining.

Under reducing conditions, the stable U(IV) solid phases are uraninite and, if high amounts of
dissolved silica are present, coffinite. Organic complexes of U(1V) associated with humic
material may also retain U(IV) in the solid phase. The solubility of the U(1V) phases is
extremely low, and thus the presence of reducing conditions effectively halts or slows the
movement of uranium in soils and sediments, provided that colloidal-sized phases are not formed
and transported. The most common uranium ore-forming process involves reductive
precipitation of U(1V) phases as a result of microbiological activity to form a roll-front deposit
(Langmuir 1997). The stability fields for U(VI) and U(IV) as a function of pH and Eh for
various water compositions suggest that a wide variety of uranium-bearing precipitates are
possible, especially in complex groundwater systems that invariably contain silica, carbonate/
bicarbonate, calcium/magnesium, sodium, and sometimes phosphate. Furthermore, it may be
difficult to predict associations of uranium in the solid phase based upon analysis of aqueous
chemical data and solubility predictions from thermodynamic chemical data. In the absence of
confirmatory solid phase characterization data, equilibrium model projections only indicate the
possible formation of specific uranium-bearing precipitates.

7.2.2 Natural Attenuation Processes

Natural attenuation processes include a variety of physical, chemical, and biological processes
that can act to reduce the mass, mobility, volume, or concentration of contaminants in
groundwater. Attenuation processes important at ISL/ISR sites include pH buffering and acid
neutralization, adsorption at the mineral-water interface, mineral precipitation, and dilution/
dispersion.
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7.2.2.1 Adsorption

Adsorption of uranium typically involves inner-sphere complexation of uranyl (i.e., those
containing UO,*") species by oxygen ligands at the surfaces of iron oxyhydroxides, phosphates,
and layered silicates. Uranyl species exhibit a high affinity for iron oxyhydroxide surfaces and
for both basal and edge sites on layered aluminosilicates, such as the clays smectite and
vermiculite. Adsorption of U(VI) to the aluminosilicate mineral, muscovite, has been observed
in aquifer sediments at the Hanford Site in Richland, Washington (McKinley et al. 2007).
Complexation of U(V1) by organic ligands in solid humic materials (primarily carboxylic-acid
and phenolic groups) may also serve to remove uranium in shallow groundwater systems
(Sowder et al. 2003).

A compilation of published Kq4 values for U(V1) sorption onto soils/sediments is documented in
EPA 1999. However, as recognized by the authors of that compilation, there are significant
limitations to the application of published Kgs for site-specific applications where either the
groundwater chemistry or the aquifer matrix differs significantly from the conditions under
which a Ky was determined (Ochs et al. 2006). Davis et al. (2004) document an alternative
approach, whereby a site-specific Ky value is modeled through the use of a non-electrostatic
surface complexation model (NEM) developed as a function of site geochemistry for aquifer
sediments. This approach incorporates the important influence of uranium solution speciation,
while avoiding the need to model the influence of individual mineral components (and their
respective surface charging behavior). While this approach still requires site-specific data, it
provides a means for projecting the influence of changes in groundwater chemistry on uranium
sorption. The chemistry of groundwater may be influenced by reaction with aquifer solids
and/or external recharge/infiltration from atmospheric precipitation or surface water. As
previously noted, alkalinity influences the aqueous speciation of U(V1), and it also influences the
degree of sorption of U(VI) onto iron oxyhydroxides and aquifer solids in which these minerals
control uranium partitioning (e.g., Um et al. 2007). It has been demonstrated that changes in
groundwater chemistry influence the transport of U(V1) through an aquifer (Yabusaki et al.
2008). Alternatively, transition from oxidizing to reducing conditions along the transport
pathway may be accompanied by a shift from adsorption of U(VI) species to precipitation of
U(IV)-bearing solids (Davis et al. 2006). Reactive transport models used to project subsurface
uranium mobility directly incorporate the influence of major ion chemistry and redox conditions
on the chemical speciation of uranium.

There is field evidence that adsorption of uranium to mineral surfaces within an aquifer may be
an intermediate step to the formation of uranium-bearing precipitates. Murakami et al. (2005)
have observed the association of nanoparticulate U(V1)-phosphate precipitates with iron
oxyhydroxides in the weathering zone downgradient from a uranium ore deposit. The U(VI)
mineral was identified as metatorbernite, which was present in groundwater that was under-
saturated with respect to precipitation of this mineral. Characterization of the textural
associations between the nanocrystalline metatorbernite and iron oxyhydroxides present as
fissure fillings, clay coatings, and nodules, along with compositional relationships between
copper, phosphorous, and uranium (Sato et al. 1997), indicated that the formation of uranium
precipitates was a secondary step following initial adsorption of these constituents onto iron
oxyhydroxide mineral surfaces (Murakami et al. 2005). As summarized by Payne and Airey
(2006), the observations in this subsurface system provide a point of reference for designing site

Draft Technical Report 34 June 2011



characterization strategies, and developing both conceptual and analytical models for interpreting
and projecting uranium mobility in groundwater.

7.2.2.2 Role of Secondary Minerals

The oxidation of iron sulfides in the host rock results in the release of iron, sulfate, acidity, and
metals to solution. High aluminum and silica concentrations are also commonly encountered in
mine effluents and are the result of weathering of aluminosilicate minerals at low pH. Oxidation
and hydrolysis reactions can subsequently lead to the precipitation of a wide array of hydroxide,
sulfate, and/or hydroxysulfate minerals, depending on geochemical and biogeochemical
conditions (Nordstrom and Alpers 1999). These secondary minerals play important roles in
attenuating contaminants in the groundwater.

Secondary precipitates can remove contaminants from impacted waters through adsorption
and/or coprecipitation reactions. Adsorption processes are typically categorized by the relative
“strength” of the interaction between the adsorbate (species in solution) and the surface or
adsorbent. If water molecules are positioned between the cation or anion and the surface, the
adsorption complex is referred to as outer sphere and is considered to be weak. Conversely, if
upon adsorption, the adsorbate loses waters of hydration such that there are no water molecules
positioned between the cation or anion and the surface, the adsorption complex is referred to as
inner sphere and is considered to be strong. The extent to which dissolved contaminants will
sorb onto secondary precipitates as outer sphere or inner sphere complexes will vary as a
function of the contaminant species, the secondary precipitate, pH, particle size and surface area,
and the presence of other sorbing species that may compete for adsorption sites.

Inorganic contaminants may be removed from solution due to precipitation of an insoluble phase
in which the contaminant represents a major or minor component within the solid. Examples of
secondary precipitates that form in impacted sites include oxyhydroxides [e.g., FEOOH(s)],
hydroxysulfates [e.g., FegOg(OH)s(SO4)(s)], sulfates [e.g., PbSO4(s)], and sulfides [e.g., ZnS(s)].
For each of these minerals, there will be a limited compositional range of groundwater chemistry
over which precipitation could occur and formation of these precipitates may compete with other
removal processes, such as adsorption.

The potential for contaminant precipitation can be estimated by evaluating the saturation state of
the groundwater with respect to possible precipitate phases using a saturation-state modeling
approach. In order to evaluate whether a groundwater is oversaturated, undersaturated, or at
equilibrium with a particular phase, computer geochemical speciation models are of practical
use. As an example, consider the solubility expression for lead sulfate (anglesite):

The mass-action expression that applies to the equilibrium is:

PbSO4(s) = Pb** + SO,*

a a
Pbit T s02-

K,=——"=10"°

Bpps04(s)
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A natural water may or may not be at saturation with respect to anglesite, depending on whether
the phase is actually present, available surface area, residence time of water, and kinetic factors
that may impede dissolution and/or precipitation. If equilibrium is assumed between water and
anglesite, then the ion activity product, Q, should be the same as the equilibrium constant, K;:

Q=a ,a —K =10""
Pb=

= r
"‘O-I-

where the activity (a) of PbSO4(s) is taken to be 1. Because ion activity products may vary by
orders of magnitude, it is often more convenient to take the logarithm of the ratio, that is, to
compute the saturation index, Sl:

Sl =lcg%=ﬂ

where SI =0 at equilibrium. If a water is oversaturated in a particular phase, then the Sl is
positive and there is a thermodynamic driving force for precipitation to occur. If the water is
undersaturated, then the Sl is negative, and the mineral, if present, will tend to dissolve:

SI > 0 if oversaturated
and
Sl < 0 if undersaturated

As previously indicated, the stability of a precipitate will be dictated by the groundwater
chemistry. Contaminant remobilization will occur as a result of dissolution of the precipitate
phase, for example, when log Q/K; < 0. Precipitate dissolution may occur due to groundwater
acidification, oxidation/reduction of precipitate components, dilution, or complexation of the
precipitate component(s) with dissolved species that form more stable compounds. A key point
is that attenuation processes involving inorganic contaminants are reversible (e.g., Gault et al.
2005; Moncur et al. 2005). Metals taken up at the mineral-water interface can be released back
into solution. Geochemical modeling of mineral stability and contaminant adsorption/desorption
behavior can provide insight into contaminant remobilization potential due to future changes in
geochemical conditions. However, it must be noted that thermodynamic databases are often
incomplete, and thermodynamic constants for specific compounds may vary from database to
database. Thus, results from geochemical models must be carefully reviewed. In addition, the
method outlined above assumes equilibrium conditions and ignores rates (i.e., kinetics) of
mineral dissolution and precipitation. Data, however, are often lacking on the kinetics of bio-
geochemical processes responsible for contaminant uptake and remobilization, especially data
that can be applied in field systems to predict the long-term behavior of contaminants.

With respect to predicting geochemical interactions at ISL/ISR facilities, the potential impacts
from these types of limitations are illustrated by several concerns raised by a reviewer of the
geochemical modeling of an ISL/ISR facility and presented in NUREG-6820 (NRC 2007). The
reviewer noted that since the applied model is a non-kinetic model, any bacterial influences from
naturally occurring Desulfovibria and Thiobacillus are eliminated from consideration. The
comment further noted that these influences may be as (or more) important to long-term stability
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than the addition of reductant during restoration. In addition, the role of pyrite during both
restoration and stabilization was also a concern, and the reviewer noted that a kinetic approach
might result in simulations that more closely compared with observed conditions.

7.2.2.3 Role of Biological Processes

Microbial processes can play a role in both mobilizing and attenuating inorganic contaminants at
ISL/ISR sites. For example, Macur et al. (2001) showed that microbial reduction of arsenate
[As(V)] to arsenite [As(I11)] occurred over relatively short time scales and resulted in enhanced
arsenic mobilization in mine tailings pore water. In addition, iron-reducing bacteria may cause
contaminant dissociation from aquifer solids as a consequence of iron oxide dissolution. Metals
and metalloid species associated with secondary iron-bearing precipitates may be released via the
activity of bacteria under certain conditions (Herbel and Fendorf 2006).

Sulfate-reducing bacteria (SRB), however, have the ability to attenuate the movement of metals
through the precipitation of sulfide minerals (e.g., Gammons et al. 2005), and by raising the pH
of the water. This process is recognized in the restoration of ISL/ISR sites and also occurs in the
natural environment (Church et al. 2007). The overall sulfate-reduction process can be described
by the reaction:

2CH,0 + SO,% + 2H" = H,S + CO, + H,0

where CH,0O represents organic matter, either in the solid or aqueous phase. The resulting
dissolved hydrogen sulfide can precipitate with divalent metals in, for example (M = Cd, Cu, Fe,
Ni, Pb, or Zn):

H,S + M?+(aq) = MS(s) + 2H"

The mass concentration of reactants involved in sulfate reduction is usually much larger than the
mass concentration of metals involved in secondary precipitation reactions; hence, these
combined reactions can lead to an increase in alkalinity and the pH of the water, while
simultaneously attenuating divalent metals. Alkalinity produced during the sulfate reduction
process can also drive the precipitation of carbonate minerals, such as calcite and siderite
(Paktunc and Davé 2002), and can help neutralize acidity in the groundwater.

The purpose of the stabilization phase of aquifer restoration is to establish a chemical
environment that reduces the solubility of dissolved constituents, such as uranium, arsenic, and
selenium. An important part of stabilization during aquifer restoration is metals reduction (NRC
2007). During uranium recovery, if the oxidized (more soluble) state is allowed to persist after
uranium recovery is complete, metals and other constituents such as arsenic, selenium,
molybdenum, uranium, and vanadium may continue to leach and remain at elevated levels. To
stabilize metals concentrations, the pre-operational oxidation state in the ore production zone
should be re-established to the extent possible. This is achieved by adding an oxygen scavenger
or reducing agent, such as hydrogen sulfide (H,S), or a biodegradable organic compound (such
as ethanol) into