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Notice

The U.S. Environmental Protection Agency through its Office of Research
and Development managed portions of the technical work described here under
EPA Contract No. 68-C-02-092 to Dynamac Corporation, Ada, Oklahoma (David
Burden, Project Officer) through funds provided by the U.S. Environmental Protection
Agency’s Office of Air and Radiation and Office of Solid Waste and Emergency
Response. It has been subjected to the Agency’s peer and administrative review and
has been approved for publication as an EPA document. Mention of trade names or
commercial products does not constitute endorsement or recommendation for use.

All research projects making conclusions or recommendations based on
environmental data and funded by the U.S. Environmental Protection Agency are
required to participate in the Agency Quality Assurance Program. This project did
not involve the collection or use of environmental data and, as such, did not require
a Quality Assurance Plan.



Foreword

The U.S. Environmental Protection Agency is charged by Congress with protecting the Nation’s land, air, and water
resources. Under a mandate of national environmental laws, the Agency strives to formulate and implement actions
leading to a compatible balance between human activities and the ability of natural systems to support and nurture
life. To meet this mandate, EPA’s research program is providing data and technical support for solving environmen-
tal problems today and building a science knowledge base necessary to manage our ecological resources wisely,
understand how pollutants affect our health, and prevent or reduce environmental risks in the future.

The National Risk Management Research Laboratory (NRMRL) is the Agency’s center for investigation of technological
and management approaches for preventing and reducing risks from pollution that threatens human health and
the environment. The focus of the Laboratory’s research program is on methods and their cost-effectiveness for
prevention and control of pollution to air, land, water, and subsurface resources; protection of water quality in public
water systems; remediation of contaminated sites, sediments and ground water; prevention and control of indoor
air pollution; and restoration of ecosystems. NRMRL collaborates with both public and private sector partners to
foster technologies that reduce the cost of compliance and to anticipate emerging problems. NRMRLs research
provides solutions to environmental problems by: developing and promoting technologies that protect and improve
the environment; advancing scientific and engineering information to support regulatory and policy decisions; and
providing the technical support and information transfer to ensure implementation of environmental regulations and
strategies at the national, state, and community levels.

This publication has been produced as part of the Laboratory’s strategic long-term research plan. It is published and
made available by EPA’s Office of Research and Development to assist the user community and to link researchers
with their clients. Understanding site characterization to support the use of monitored natural attenuation (MNA) for
remediating inorganic contaminants in ground water is a major priority of research and technology transfer for the
U.S. Environmental Protection Agency’s Office of Research and Development and the National Risk Management
Research Laboratory. This document provides technical recommendations regarding the development of conceptual
site models and site characterization approaches useful for evaluating the effectiveness of the natural attenuation
component of ground-water remedial actions. This document addresses natural attenuation processes and data
requirements specific to selected radionuclides.
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David G. Jewett, Actl g Director
Ground Water and Ecosystems Restoration Division
National Risk Management Research Laboratory
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Executive Summary

The term “monitored natural attenuation,” as used in this document and in the Office of Solid Waste and Emergency
Response (OSWER) Directive 9200.4-17P, refers to “the reliance on natural attenuation processes (within the context
of a carefully controlled and monitored site cleanup approach) to achieve site-specific remediation objectives within
a time frame that is reasonable compared to that offered by other more active methods.” When properly employed,
monitored natural attenuation (MNA) may provide an effective knowledge-based remedy where a thorough engi-
neering analysis informs the understanding, monitoring, predicting, and documenting of the natural processes. In
order to properly employ this remedy, the Environmental Protection Agency needs a strong scientific basis sup-
ported by appropriate research and site-specific monitoring implemented in accordance with the Agency's Quality
System. The purpose of this series of documents, collectively titled “Monitored Natural Attenuation of Inorganic
Contaminants in Ground Water,” is to provide a technical resource for remedial site managers to define and assess
the potential for use of site-specific natural processes to play a role in the design of an overall remedial approach
to achieve cleanup objectives.

The current document represents the third volume of a set of three volumes that address the technical basis and
requirements for assessing the potential applicability of MNA as part of a ground-water remedy for plumes with non-
radionuclide and/or radionuclide inorganic contaminants. Volume 3, titled “Assessment for Radionuclides Including
Tritium, Radon, Strontium, Technetium, Uranium, lodine, Radium, Thorium, Cesium, and Plutonium-Americium,’
consists of individual chapters that describe 1) the natural processes that may result in the attenuation of the listed
contaminants and 2) data requirements to be met during site characterization. Emphasis is placed on character-
ization of immobilization and/or radioactive decay processes that may control contaminant attenuation, as well as
technical approaches to assess performance characteristics of the MNA remedy. A tiered analysis approach is
presented to assist in organizing site characterization tasks in a manner designed to reduce uncertainty in remedy
selection while distributing costs to address four primary issues:

1. Demonstration of dissolved plume stability via radioactive decay and/or active contaminant removal from
ground water;

2. Determination of the rate and mechanism of attenuation by immobilization;
3. Determination of the long-term capacity for attenuation and stability of immobilized contaminants; and

4. Design of performance monitoring program, including defining triggers for assessing MNA failure, and
establishing a contingency plan.

Where feasible, Agency-approved analytical protocols currently implemented for waste site characterization are
identified, along with modifications that may be warranted to help insure the quality of site-specific data. In situ-
ations where Agency methods or protocols are unavailable, recommendations are made based on review of the
existing technical literature. It is anticipated that future updates to these recommendations may be warranted with
increased experience in the successful application of MNA as part of a ground-water remedy and the development
of new analytical protocols.

This document is limited to evaluations performed in porous-media settings. Detailed discussion of performance
monitoring system design in fractured rock, karst, and other such highly heterogeneous settings is beyond the
scope of this document. Ground water and contaminants often move preferentially through discrete pathways (e.qg.,
solution channels, fractures, and joints) in these settings. Existing techniques may be incapable of fully delineating
the pathways along which contaminated ground water migrates. This greatly increases the uncertainty and costs of
assessments of contaminant migration and fate and is another area of continuing research. As noted in OSWER
Directive 9200.4-17P, “MNA will not generally be appropriate where site complexities preclude adequate monitoring.”
The directive provides additional discussion regarding the types of sites where the use of MNA may be appropriate.
This document focuses on monitoring the saturated zone, but site characterization and monitoring for MNA or any
other remedy typically would include monitoring of all significant pathways by which contaminants may move from
source areas and contaminant plumes to impact receptors (e.g., surface water and indoor air).

Nothing in this document changes Agency policy regarding remedial selection criteria, remedial expectations, or
the selection and implementation of MNA. This document does not supercede any guidance. It is intended for
use as a technical reference in conjunction with other documents, including OSWER Directive 9200.4-17P, “Use
of Monitored Natural Attenuation at Superfund, RCRA Corrective Action, and Underground Storage Tank Sites”
(http.//www.epa.gov/swerust1/directiv/d9200417.pdf).
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Conceptual Background for Radionuclides

1.1
1.1.1 Document Organization

Background and Purpose

The purpose of this document is to provide a framework
for assessing the potential application of monitored natural
attenuation (MNA) as part of the remedy for inorganic con-
taminant plumes in ground water. It is organized as part of
three volumes that provide: Volume 1 - a general overview
of the framework and technical requirements for application
of MNA to inorganic contaminant plumes (USEPA, 2007a);
Volume 2 - contaminant-specific discussions addressing
potential attenuation processes and site characterization
requirements for non-radionuclides (USEPA, 2007b), and
Volume 3 - contaminant-specific discussions addressing
potential attenuation processes and site characterization
requirements for radionuclides. Volume 1 is divided into
three sections that address the regulatory and conceptual
background for natural attenuation, the technical basis for
natural attenuation of inorganic contaminants, and site
characterization approaches to support assessment and
application of MNA. The contaminant-specific chapters
in Volumes 2 and 3 provide an overview of contaminant
geochemistry, applicable natural attenuation processes,
and specific site characterization requirements. Criteria
for selecting specific contaminants for detailed overviews
in this volume are described below.

The radionuclide contaminants selected for this document
include: americium, cesium, iodine, plutonium, radium, ra-
don, technetium, thorium, tritium, strontium, and uranium.
The selection of these contaminants was based on two cri-
teria. First, a selected element had to be one of high priority
to the site remediation or risk assessment activities of the
USEPA (USEPA, 1993a; USEPA, 2002a; USEPA, 20063;
USEPA, 2007c). Second, selection was based on chemical
behavior considering chemical traits such as: toxicity, cat-
ions, anions, conservatively transported, non-conservatively
transported, and redox sensitive elements (USEPA, 1999b;
USEPA, 2004a). Using these characteristics of the contami-
nants, the general geochemical behavior of a wide range
of radionuclide contaminants could be covered as well as
the chemical classes that make up the Periodic Table. In
addition, this selection accounts for many daughter and
fission product contaminants that result from radioactive
decay. This is important as the decay of radioisotopes can
produce daughter products that may differ both physically
and chemically from their parents. The selection of radio-
nuclide contaminants for this document is representative
of these characteristics.

1.1.2 Purpose of Document

This document is intended to provide a technical resource
for determining whether MNA is likely to be an effective

remedial approach for inorganic contaminants’ in ground
water. This document is intended to be used during the
remedial investigation and feasibility study phases of a
Superfund cleanup, or during the equivalent phases of a
RCRA Corrective Action (facility investigation and corrective
measures study, respectively). The decision to select MNA
as the remedy (or part of the remedy) will be made in a
Superfund Record of Decision (ROD) or a RCRA Statement
of Basis (or RCRA permit).

The USEPA expects that users of this document will include
USEPA and State cleanup programs and their contractors,
especially those individuals responsible for evaluating al-
ternative cleanup methods for a given site or facility. The
overall policy for use of MNA in OSWER cleanup programs
is described in the April 21, 1999 OSWER Directive titled,
“Use of Monitored Natural Attenuation at Superfund, RCRA
Corrective Action and Underground Storage Tank Sites”
(Directive No. 9200.4-17P).

Both radiological and non-radiological inorganic contami-
nants are discussed in this document. There are two rea-
sons for this. First, except for radioactive decay, the potential
attenuation processes affecting inorganic contaminants
are the same for both contaminant types. Second, several
OSWER directives clarify the USEPA’s expectation that the
decision-making approach and cleanup requirements used
at CERCLA sites will be the same for sites with radiological
and non-radiological inorganic contaminants, except where
necessary to account for the technical differences between
the two types of contaminants. Also, the 1999 OSWER
Directive specified that the decision process for evaluat-
ing MNA as a potential remediation method should be the
same for all OSWER cleanup programs.

This document is intended to provide an approach for
evaluating MNA as a possible cleanup method for contami-
nated ground water. Although the focus of the document
is on ground water, the unsaturated zone is discussed as
a source of contaminants to ground water. Emphasis is
placed on developing a more complete evaluation of the
site through development of a conceptual site model? based
on an understanding of the attenuation mechanisms, the
geochemical conditions governing these mechanisms, the

1 The term “inorganic contaminants” is used in this document as a ge-
neric term for metals and metalloids (such as arsenic); and also refers
to radiologic as well as non-radiologic isotopes.

2 A conceptual site model is a three-dimensional representation that
conveys what is known or suspected about contamination sources,
release mechanisms, and the transport and fate of those contaminants.
The conceptual model provides the basis for assessing potential reme-
dial technologies at the site. “Conceptual site model” is not synonymous
with “computer model”; however, a computer model may be helpful for
understanding and visualizing current site conditions or for predictive
simulations of potential future conditions.



capacity of the aquifer to sustain attenuation of the contami-
nant mass and prevent future contaminant migration, and
indicators that can be used to monitor MNA performance.

This document focuses on technical issues and is not in-
tended to address policy considerations or specific regula-
tory or statutory requirements. The USEPA expects that this
document will be used in conjunction with the 1999 OSWER
Directive (USEPA, 1999c). Users of this document should
realize that different Federal and State remedial programs
may have somewhat different remedial objectives. For ex-
ample, the CERCLA and RCRA Corrective Action programs
generally require that remedial actions: 1) prevent exposure
to contaminated ground water, above acceptable risk levels;
2) minimize further migration of the plume; 3) minimize
further migration of contaminants from source materials;
and 4) restore ground-water conditions to cleanup levels
appropriate for current or future beneficial uses, to the
extent practicable. Achieving such objectives could often
require that MNA be used in conjunction with other “active”
remedial methods. For other cleanup programs, remedial
objectives may be focused on preventing exposures above
acceptable levels. Therefore, it is imperative that users of
this document be aware of and understand the Federal
and State statutory and regulatory requirements, as well as
policy considerations that apply to a specific site for which
this document will be used to evaluate MNA as a remedial
option. As a general practice, individuals responsible for
evaluating remedial alternatives should check with the over-
seeing regulatory agency to identify likely characterization
and cleanup objectives for a particular site prior to investing
significant resources.

Use of this document is generally inappropriate in complex
fractured bedrock or karst aquifers. In these situations the
direction of ground water flow cannot be predicted directly
from the hydraulic gradient, and existing techniques may
not be capable of identifying the pathway along which
contaminated ground water moves through the subsurface.
Understanding the contaminant flow field in the subsurface
is essential for a technically justified evaluation of an MNA
remedial option. MNA will not generally be appropriate
where site complexities preclude adequate monitoring
(USEPA, 1999c).

Because documentation of natural attenuation requires
detailed site characterization, the data collected can be
used to compare the relative effectiveness of other remedial
options and natural attenuation. The technical information
contained in this document can be used as a point of refer-
ence to evaluate whether MNA by itself, or in conjunction
with other remedial technologies, is sufficient to achieve
site-specific remedial objectives.

1.1.3 Policy Framework for Use of MNA

The term monitored natural attenuation (MNA) is used in
this document when referring to a method of remediation.
MNA is defined in the 1999 OSWER Directive as follows:

“..the reliance on natural attenuation processes
(within the context of a carefully controlled and
monitored site cleanup approach) to achieve

site-specific remediation objectives within a
time frame that is reasonable compared to that
offered by other more active methods. The ‘natu-
ral attenuation processes’ that are at work in
such a remediation approach include a variety of
physical, chemical, or biological processes that,
under favorable conditions, act without human
intervention to reduce the mass, toxicity, mobility,
volume, or concentration of contaminants in soil
or groundwater. These in-situ processes include
biodegradation; dispersion; dilution; sorption;
volatilization; radioactive decay; and chemical or
biological stabilization, transformation, or destruc-
tion of contaminants. (USEPA, 1999c, page 3.)

Even though several physical, chemical, and biological
processes are included in the above definition, the1999
OSWER Directive goes on to state a preference for those
processes that permanently degrade or destroy contami-
nants, and for use of MNA for stable or shrinking plumes,
as noted below:

"When relying on natural attenuation processes
for site remediation, EPA prefers those processes
that degrade or destroy contaminants. Also, EPA
generally expects that MNA will only be appropriate
for sites that have a low potential for contaminant
migration.” (USEPA, 1999c, page 3.)

“MNA should not be used where such an approach
would result in either plume migration or impacts
to environmental resources that would be unac-
ceptable to the overseeing regulatory authority.
Therefore, sites where the contaminant plumes
are no longer increasing in extent, or are shrink-
ing, would be the most appropriate candidates
for MNA remedies.” (USEPA, 1999c, page 18.)

Control of contaminant sources is also an important aspect
of EPA’s policy. The actual policy language is given below:

“Control of source materials is the most effec-
tive means of ensuring the timely attainment of
remediation objectives. EPA, therefore, expects
that source control measures will be evaluated
for all contaminated sites and that source con-
trol measures will be taken at most sites where
practicable. At many sites it will be appropriate
to implement source control measures during the
initial stages of site remediation (“phased reme-
dial approach”), while collecting additional data
to determine the most appropriate groundwater
remedy.” (USEPA, 1999c, page 22.)

The 1999 OSWER Directive also provides a few general
guidelines for use of MNA as a remedial approach for
inorganic contaminants. The key policy concerns are that
the specific mechanisms responsible for attenuation of
inorganic contaminants should be known at a particular
site, and the stability of the process should be evaluated
and shown to be irreversible. The actual policy language
is given below:



MNA may, under certain conditions (e.g., through
sorption or oxidation-reduction reactions), effec-
tively reduce the dissolved concentrations and/or
toxic forms of inorganic contaminants in groundwa-
ter and soil. Both metals and non-metals (including
radionuclides) may be attenuated by sorption?
reactions such as precipitation, adsorption on
the surfaces of soil minerals, absorption into the
matrix of soil minerals, or partitioning into organic
matter. Oxidation-reduction (redox) reactions can
transform the valence states of some inorganic
contaminants to less soluble and thus less mobile
forms (e.g., hexavalent uranium to tetravalent ura-
nium) and/or to less toxic forms (e.g., hexavalent
chromium to trivalent chromium). Sorption and
redox reactions are the dominant mechanisms
responsible for the reduction of mobility, toxicity,
or bioavailability of inorganic contaminants. It is
necessary to know what specific mechanism (type
of sorption or redox reaction) is responsible for
the attenuation of inorganics so that the stability
of the mechanism can be evaluated. For example,
precipitation reactions and absorption into a soil’s
solid structure (e.g., cesium into specific clay
minerals) are generally stable, whereas surface
adsorption (e.g., uranium on iron-oxide minerals)
and organic partitioning (complexation reactions)
are more reversible. Complexation of metals or
radionuclides with carrier (chelating) agents (e.g.,
trivalent chromium with EDTA) may increase their
concentrations in water and thus enhance their
mobility. Changes in a contaminant’s concentra-
tion, pH, redox potential, and chemical speciation
may reduce a contaminant’s stability at a site and
release it into the environment. Determining the
existence, and demonstrating the irreversibility,
of these mechanisms is important to show that a
MNA remedy is sufficiently protective.

In addition to sorption and redox reactions, radio-
nuclides exhibit radioactive decay and, for some,
a parent-daughter radioactive decay series. For
example, the dominant attenuating mechanism of
tritium (a radioactive isotopic form of hydrogen
with a short half-life) is radioactive decay rather
than sorption. Although tritium does not generate
radioactive daughter products, those generated
by some radionuclides (e.g., Am-241 and Np-237
from Pu-241) may be more toxic, have longer
half-lives, and/or be more mobile than the parent
in the decay series. Also, it is important that the
near surface or surface soil pathways be carefully

3 When a contaminant is associated with a solid phase, it is usually
not known if the contaminant is precipitated as a three-dimensional
molecular coating on the surface of the solid, adsorbed onto the surface
of the solid, absorbed into the structure of the solid, or partitioned into
organic matter. “Sorption” will be used in this Directive to describe, in

a generic sense (i.e., without regard to the precise mechanism) the
partitioning of aqueous phase constituents to a solid phase.

evaluated and eliminated as potential sources of
external direct radiation exposure.*

Inorganic contaminants persist in the subsurface
because, except for radioactive decay, they are
not degraded by the other natural attenuation pro-
cesses. Often, however, they may exist in forms that
have low mobility, toxicity, or bioavailability such
that they pose a relatively low level of risk. There-
fore, natural attenuation of inorganic contaminants
is most applicable to sites where immobilization
or radioactive decay is demonstrated to be in
effect and the process/mechanism is irreversible.
(USEPA, 1999c, pages 8-9.)

1.1.4 Applicable Regulatory Criteria

All remedial actions at CERCLA sites must be protective
of human health and the environment and comply with ap-
plicable or relevant and appropriate requirements (ARARS)
unless a waiver is justified. Cleanup levels for response ac-
tions under CERCLA are developed based on site-specific
risk assessments, ARARs, and/or to-be-considered material
(TBCs). The determination of whether a requirement is
applicable, or relevant and appropriate, must be made on
a site-specific basis (see 40 CFR §300.400(g)).

“EPA expects to return usable ground waters to
their beneficial uses whenever practicable” (see
40 CFR §300.430(a)(1)(iii)(F)). In general, drinking
water standards provide relevant and appropriate
cleanup levels for ground waters that are a current
or potential source of drinking water. However,
drinking water standards generally are not relevant
and appropriate for ground waters that are not a
current or potential source of drinking water (see
55 FR 8732, March 8, 1990). Drinking water stan-
dards include federal maximum contaminant levels
(MCLs) and/or non-zero maximum contaminant
level goals (MCLGs) established under the Safe
Drinking Water Act (SDWA), or more stringent state
drinking water standards. Other regulations may
also be ARARs as provided in CERCLA §121(d)
(2)(B).

1.1.4.1 Radionuclide Standards

Current MCLs for radionuclides are set at 4 mrem/yr for the
sum of the doses from beta particles and photon emitters,
15 pCi/L for gross alpha particle activity (including %*°Ra,
but excluding uranium and radon), and 5 pCi/L combined
for 2°Ra and 22%Ra. The current MCLs for beta emitters
specify that MCLs are to be calculated based upon an

4 External direct radiation exposure refers to the penetrating radiation
(i.e., primarily gamma radiation and x-rays) that may be an important
exposure pathway for certain radionuclides in near surface soils. Un-
like chemicals, radionuclides can have deleterious effects on humans
without being taken into or brought in contact with the body due to
high-energy particles emitted from near surface soils. Even though the
radionuclides that emit penetrating radiation may be immobilized due to
sorption or redox reactions, the resulting contaminated near surface soil
may not be a candidate for a MNA remedy as a result of this exposure
risk.



annual dose equivalent of 4 mrem to the total body or any
internal organ. It is further specified that the calculation is
to be performed on the basis of a 2 liter per day drinking
water intake using the 168 hours data listed in “Maximum
Permissible Body Burdens and Maximum Permissible
Concentrations of Radionuclides in Air or Water for
Occupational Exposure,” NBS Handbook 69 as amended
August 1963, U.S. Department of Commerce (U.S. DOC,
1963). These calculations have been done for most beta
emitters and published as part of the EPA guidance “Use
of Uranium Drinking Water Standards under 40 CFR 141

and 40 CFR 192 as Remediation Goals for Groundwater
at CERCLA sites” (OSWER No. 9283.1-14, November 6,
2001). This guidance also includes a list of radionuclides
addressed by the gross alpha MCL. The MCL for uranium
is 30 micrograms per liter (ug/L). Two isotopes of uranium
are also addressed by ground-water standards under the
Uranium Mill Tailings Radiation Control Act (UMTRCA). The
concentration limit for the combined level of 2%*U and 238U is
30 pCi/L. Relevant standards for some of the radionuclides
discussed in this document are shown in Table 1.1.

Table 1.1 Examples of mass concentration equivalents to activity-based standards for select radionuclides in
ground water. Drinking water MCLs apply to total element concentration rather than specific radioactive
isotopes except where indicated. Fact Sheets with summary information on the radionuclides in this list
are available at http.//www.epa.gov/superfund/health/contaminants/radiation/nuclides. htm.

Radionuclide Current MCL? or UMTRCA Mass Equiv to MCL, UMTRCA, or
Contaminant (pCi/L) RBL (pg/L)
Americium 241Am 15 0.0000044
Cesium 137Cs 200 0.0000023
Tritium 3H 20,000 0.0000021
lodine 129 1 0.0057
238p 15 0.00000088
239py 15 0.00024
] 240py 15 0.000066
Plutonium
241Py (27 RBL)® 0.00000026
242py 15 0.0038
24Py 15 0.85
) 226Rg 5e 0.0000051
Radium
228Rg 5e 0.000000018
Strontium 90Sr 8 0.000000059
Technetium 9Tc 900 0.053
228Th 15 0.000000018
. 229Th 15 0.000071
Thorium
230Th 15 0.00074
232Th 15 140
234U 30d 30d
Uranium
238U 30d 30d

a Federal Register, Vol. 65, No. 236, December 2, 2000; MCL is 4 mrem/yr to the whole body or an organ, combined from all beta and photon emit-
ters; MCL is 15 pCi/L, with the concentration level combined for all alpha emitters, except radon and uranium.

b Risk Based Limits calculated for 30-year exposure duration and 1 x 10°¢ risk. These were calculated using equation 11 in Risk Assessment Guid-
ance for Superfund (RAGS): Volume I: Human Health Evaluation Manual (Part B, Development of Risk-based Preliminary Remediation Goals),

(page 37). The equations were adjusted to account for radioactive decay.

¢ MCL is 5 pCi/L combined for Ra-226 and Ra-228

d Federal Register, Vol. 42, No. 65, March 2, 2000, Rules and Regulations; MCL standard is 30 ng/L for uranium; UMTRCA ground-water standard

is 30 pCi/Lcombined for U-234 and U-238.


http://www.epa.gov/superfund/health/contaminants/radiation/nuclides.htm

1.1.4.2 Use of Radionuclide Mass in Remediation

Typically units of decay rate instead of mass are used to
quantify the concentration of radioactive material in con-
taminated environmental media because the carcinogenic
risks of exposure to radioactively-contaminated materials
are related more to the decay rate of the material than to
its mass.> Generally, this convention is used due to the
short half-lives of many of the radionuclides commonly
encountered at contaminated sites. As examples for the
decay-equivalent for a given radionuclide mass, one gram of
2%6Ra has a decay rate (activity) of 3.7x10'° transformations
(also referred to as disintegrations) per second, while one
gram of '¥Cs has a decay rate of 3.2x10'2 transformations
per second. Except for long-lived nuclides with low specific
activities such as 238U, the energy emitted by the radioac-
tive material during radioactive decay and absorbed by
exposed biological tissue is the key driver of health effects
from exposure to most radionuclides. In addition, radioac-
tive materials may be detected and quantified by the type
of radiation emitted and number of disintegrations (per unit
time). For these reasons, the concentration of radioactive
material in water is typically expressed in units of activity
or decay rate, pCi/L.

Most of the radionuclide MCLs and UMTRCA ground-water
standards are presented in the traditional units of pCi/L.
Mass units, however, provide insight and information into
treatment selection, treatment compatibility, and treatment
efficiency, particularly for remedial actions involving mixed
waste. For example, remediation goals expressed in mass
are important for designing and evaluating treatment tech-
nologies such as soil separation, pump and treat, as well as
subsurface barriers. In addition, transport models in which
solid-liquid partitioning of the radionuclide is described
are developed using mass-action reaction expressions.
Radionuclide mass concentration is typically the required
data input for these models. Typically units for expressing
mass in environmental media for soil and water are mg/kg
and mg/L, respectively. These mass units also can be
expressed as parts per million (ppm) for soil and water,
which is equivalent to mg/kg and mg/L. MCLs in pCi/L
may be converted to their mass equivalent in mg/L, by the
following equations:

MCL(mg/L) = 2.8x1075 * A * T,,, * MCL(pCilL)

where 2.8 x10°'® for water is a conversion factor, A is the
radionuclide atomic weight in g/mole, and T, , is the radio-
nuclide half-life in years. Most radionuclides of concern for
site cleanups have half-lives ranging from a few years to
10,000 years. At MCL levels, the corresponding masses
of most radionuclides represent extremely small values.

One important issue associated with using mass to charac-
terize the quantities of radioactive material in the environ-
ment is that many elements, such as uranium, have several
isotopes of the same element (See examples in Table 1.1.).
For example, if one were to perform atomic absorption

5 Discussions of radioactive decay phenomena and applicable units of
measurement are provided in Appendix A.

analysis of a water sample, and it revealed the presence of
1 mg/kg of uranium, there would be no way of knowing how
much of the uranium in the sample is 238U, 234U, or 235U, all
of which are present in the environment naturally and due to
anthropogenic activities. While the potential human health
and ecological effects of uranium from its chemical toxicity
are impacted by the total mass of the element, its potential
for human health and ecological effects from its radioactivity
will depend on the specific isotopes of uranium present,
which could vary depending on whether one is dealing with
naturally-occurring uranium or uranium that may have been
enriched in 23U as part of the uranium fuel cycle or part
of weapons production. It is also important to note that
the same mass of each uranium isotope has significantly
different levels of radioactivity. A mass of 1 mg/kg of 238U
has an activity of 0.33 pCi/g, while the same mass of 235U
has 2.1 pCi/g and 2**U has 6,200 pCi/g.

Also, many radioactive elements are present in the envi-
ronment along with their stable counterpart. One example
is potassium, which occurs naturally in the environment,
ranging from 0.1 to 1% in limestone to 3.5% in granite.
In addition, a typical 70 kg adult contains 130 g of potas-
sium. A very small fraction (0.01%) of this potassium is
the naturally-occurring radioactive isotope 4°K. If one were
to measure the amount of “°K in soil and assume that 4K
made up all of the elemental potassium then the total mass
of this element would be underestimated by 10,000 fold.
Since the potential adverse effects of radioactive material
are due to the energy released following radioactive decay,
measurement of elemental mass present, e.g., total K by
atomic emission spectroscopy, may not accurately repre-
sent the amount of radioactivity present and, therefore, its
potential radiotoxicity. However, use of mass spectrometry
for discrimination of the various isotopes of a given element
may avoid this situation, since it would then be possible to
convert isotopic mass concentration to activity using the
decay half-life of a radioisotope.

Conversely, the measurement of the radioisotope activity
will be a misrepresentation of the total mass of the given
element, particularly for the majority of elements that have
non-radioactive isotopes which may be present in much
larger quantities on a mass basis. Accordingly, activity
should not be used alone to determine or tailor the treatment
required for remediation technologies, since technologies
typically rely on chemical and/or physical processes that
are sensitive to or driven by mass or concentration. For
example, to design and implement a treatment technology
for radioactive strontium (i.e., ®Sr), it would be necessary
to know the total mass of all stable (i.e., 8Sr, 8Sr, 87Sr,
8Sr) and radioactive isotopes of strontium in ground
water. The same considerations would be necessary for
other ground-water treatment technologies for dissolved
concentrations of elements and their isotopic forms. For
example in a pump and treat ground-water extraction
system that utilizes ion exchange (chemical separation)
or reverse osmosis (physical separation), chemical mass
measurements would be used to determine the amount
and type of reactant materials, exchange capacity and



effectiveness (USEPA, 1996). Much the same can be
said for immobilization or reduction technologies such as
chemical solidification/stabilization treatability studies or
treatments (USEPA, 2000b). Also, mass measurements are
important in the determination of partition coefficients, K,
values that are often employed in risk assessment modeling
and remediation calculations. K, values are expressed in
mass units for the inorganic elements and isotopes (USEPA,
1999b; USEPA, 2004a). The values of K, are assumed to
be the same for all isotopic forms of the element.

In summary, given that risk or exposure is the basis for
remedial actions, mass measurements are often required
for determining, designing and selecting a remediation
technology. This contrasts with the need for radiation spe-
cific isotopic measurements required in risk and exposure
analysis. Users should note the different applications and
perspectives with their corresponding measurement units
of mass and activity.

1.2 Contaminant Risk Reduction Processes

As stated within the OSWER Directive on MNA (USEPA,
1999c), natural attenuation processes are those that ‘re-
duce mass, toxicity, mobility, volume or concentration of
contaminants. For radionuclides, contaminant attenuation
that results in mass loss or decreased mobility may occur
either via radioactive decay or immobilization. In general,

the development of a stable or shrinking contaminant
plume will depend on the relative rate for the immobilization
reaction(s) versus the rate of ground-water flow through
the aquifer. This concept is illustrated in Figure 1.1 in
which documented ranges for characteristic timescales of
radioactive decay and several potential immobilization reac-
tions are shown relative to commonly observed residence
times for a parcel of water in ground water (and surface
water) systems. Discussion of potential immobilization
processes and the types of site characterization data to
support identification of this attenuation process within a
ground-water contaminant plume is provided in Volume 1,
Section Il of this series of documents (USEPA, 2007a). In
general, immobilization may occur as a result of precipita-
tion, co-precipitation, and/or adsorption reactions in which
the contaminant chemically reacts with dissolved and/
or solid components within the aquifer. For many of the
radionuclide contaminants discussed in this volume, there
are viable processes that may result in attenuation via im-
mobilization within the subsurface. More specific discussion
of immobilization mechanisms is provided in the individual
contaminant chapters. However, several of the radionuclide
contaminants discussed in this volume will remain mobile
in ground water due to their inherent chemical properties.
In these situations, radioactive decay may provide the only
viable mechanism for mass loss of the contaminant.
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Figure 1.1 Relative timescales of attenuation processes and fluid transport processes referenced to characteristic
reaction times and hydraulic residence times. For radioactive decay, representative radionuclides with a
range of decay half-lives (s = seconds, d = days, y = years) are shown. Representative time scales for
several processes that result in contaminant immobilization are also shown.



For radionuclides with relatively short decay half-lives, the
development of a stable or shrinking ground-water plume
may occur if the rate of decay is greater than the rate of
ground-water transport. As illustrated in Figure 1.2 for
radionuclides whose transport within the aquifer is not im-
peded due to chemical reaction, the ground-water plume
may shrink, remain invariant (i.e., stable), or expand in size.
Plume shrinkage may occur if radioactive decay is fast rela-
tive to the velocity of ground-water flow (e.g., 222Rn (radon),
3.82 day half-life). Where the rates of decay and fluid trans-
port are relatively similar, development of a stable plume
may occur (e.g., ®H (tritium), 12.3 year half-life). Finally, for
long-lived radionuclides that may remain mobile (e.g., *°Tc
(technetium), 2.13x105 year half-life), plume expansion is
anticipated to occur. Estimated differences in the relative
time scales to achieve cleanup levels for radionuclides
addressed in this volume are illustrated in Figure 1.3. The
trends shown in Figure 1.3 are based solely on the result

of first-order radioactive decay (see Appendix) of a finite
radionuclide activity ignoring the influence of ground-water
transport on the distribution of contaminant mass/activity
in space and time. There are several technical issues
that also factor into this evaluation, including the relative
magnitude (i.e., total activity of radionuclide) and rate of
release of the radionuclide from the source term(s) that
contribute to plume development (Figure 1.3c), as well as
the chemical, radiological and/or toxicological characteris-
tics of the decay product(s). For example, the complexity
introduced by the in-growth of a radioactive daughter with
different chemical properties would require simultaneous
tracking of an overlapping plume that could behave very
differently from that of the parent. However, the purpose of
these illustrations is to draw attention to the large dispar-
ity in radioactive decay rate for the radionuclides that are
encountered at contaminated sites. Further discussion of
these issues is provided later in this document.
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Figure 1.2 lllustration of characteristic ground-water plumes that may develop for radionuclides whose transport is
not impeded by chemical reaction: 1) stable plume — similar rates of fluid transport and decay, 2) shrink-
ing plume — decay rate faster than fluid transport, and 3) expanding plume — decay rate slower than fluid
transport. Regulated mobile plume refers to that portion of the plume where contaminant mass/activ-
ity exceeds Risk-based or ARAR criterion. The symbol “1” refers to the characteristic time for transport
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Figure 1.3 lllustration of the importance of decay half-life and total activity on the viability of radioactive decay as an
attenuation process for contaminant remediation. (A) Time to achieve ground-water cleanup standards
following an order-of-magnitude activity reduction for radionuclides addressed in this volume. (B) Time
series plots of decay-only activity reductions to achieve cleanup standard in ground water for an order-
of-magnitude change in total activity for several radionuclides addressed in this volume. (C) Influence of
total initial activity on the time to achieve representative cleanup standard (example is for °Sr in one liter
of solution); blue hatched area shows region where a relevant mass equivalent cleanup standard may be

achieved within 100 years.

For several radionuclides discussed in this volume, reac-
tions with dissolved or solid phase components within the
aquifer lead to transfer of the contaminant from ground
water onto aquifer solids. In this situation, characteristics
of the contaminant plume may be governed by immobiliza-
tion processes. In essence, there are two effective ‘plumes’
within the plume boundary: 1) the dissolved and mobile
plume (including the mobile colloidal phase), and 2) the
solid phase and immobile plume (Figure 1.4). As with
non-radionuclides, the overall stability of the immobilized
contaminant to resist re-mobilization becomes a critical

factor for the viability of natural attenuation as a cleanup
remedy. The stability of the immobilized radionuclide will
be governed by the inherent chemical characteristics of the
contaminant, the chemical characteristics of ground water,
and the stability of aquifer solids to which the contaminant
may be bound. Changes in ground-water chemistry over
time may result in conditions that cause contaminant re-
lease or dissolution of host aquifer solids. Evaluation of this
issue may be further complicated for radionuclides whose
decay products possess inherent chemical properties that
differ significantly from that of the parent radionuclide.
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Evaluating the overall success of natural attenuation for
remediation of radionuclides will require demonstrating that
the rate and capacity for contaminant attenuation meets
regulatory objectives (including time frame) and, in addi-
tion, that contaminant immobilization is sustainable to the
extent that future health risks are reduced to acceptable
limits. The latter requirement necessitates identifying the
chemical speciation of the contaminant partitioned to the
solid phase. This information is critical towards design-
ing laboratory tests and reaction transport models used
to assess and project potential for re-mobilization of the
radionuclide. An overview explaining the types of immo-
bilization mechanisms and the respective susceptibility to
re-mobilization for each scenario is provided in Volume 1
of this series of documents (USEPA, 2007a) along with
general procedures for assessing the susceptibility for con-
taminant re-mobilization. Specific discussions of radioactive
decay phenomena, relevant immobilization processes and
procedures for assessing the potential for re-mobilization
are discussed within the individual contaminant chapters
later in this volume.

1.3 Tiered Analysis Approach to Site
Characterization

Site characterization to support evaluation and selection of
MNA as part of a cleanup action for inorganic contaminant
plumes in ground water will involve a detailed analysis of site
characteristics controlling and sustaining attenuation. The
level of detailed data that may be required to adequately
characterize the capacity and stability of natural processes
to sustain plume attenuation will likely necessitate signifi-
cant resource outlays. Thus, it is recommended that site
characterization be approached in a step-wise manner
to facilitate collection of data necessary to progressively
evaluate the existing and long-term effectiveness of natural
attenuation processes within the aquifer. Implementation
of a tiered analysis approach provides an effective way to
screen sites for MNA that is cost effective because it priori-
tizes and limits the data that is needed for decision making
at each screening step. Conceptually a tiered analysis ap-
proach seeks to progressively reduce uncertainty as site-
specific data are collected. The decision-making approach



presented in this document includes three decision tiers that
require progressively greater information on which to assess
the likely effectiveness of MNA as a remedy for inorganic
contaminants in ground water. The fourth tier is included
to emphasize the importance of determining appropriate
parameters for long-term performance monitoring, once
MNA has been selected as part of the remedy. Data col-
lection and evaluation within the tiered analysis approach
would be structured as follows:

I. Demonstration that the ground-water plume is not
expanding and that sorption of the contaminant onto
aquifer solids is occurring where immobilization is
the predominant attenuation process;

Determination of the mechanism and rate of the
attenuation process;

Determination of the capacity of the aquifer to
attenuate the mass of contaminant within the plume
and the stability of the immobilized contaminant to
resist re-mobilization, and;

Design performance monitoring program based on
the mechanistic understanding developed for the
attenuation process, and establish a contingency
plan tailored to site-specific characteristics.

Elaboration on the objectives to be addressed and the types
of site-specific data to be collected under each successive
tier is provided below.

1.3.1 Tierl

The objective under Tier | analysis would be to eliminate
sites where site characterization indicates that the ground-
water plume is continuing to expand in aerial or vertical
extent. For radionuclides in which radioactive decay is
anticipated to provide the primary mode of attenuation, it
is recommended that decay calculations (with or without in-
corporation of physical transport) be conducted to evaluate
whether regulatory objectives can be met in an appropriate
time frame given knowledge of source term characteristics
(e.g., total activity and release rate) and/or radionuclide
activities within the plume relative to points of compliance.
For contaminants in which sorption onto aquifer solids is
the most feasible attenuation process, an additional ob-
jective would be to demonstrate contaminant uptake onto
aquifer solids. Analysis of ground-water plume behavior
at this stage is predicated on adequate aerial and vertical
delineation of the plume boundaries. Characterization of
ground-water plume expansion could then be supported
through analysis of current and historical data collected
from monitoring wells installed along the path of ground-
water flow. An increasing temporal trend in contaminant
concentration in ground water at monitoring locations down
gradient from a source area is indicative that attenuation
is not occurring sufficient to prevent ground-water plume
expansion.

An example illustrating the influence of total radionuclide
activity on plume dynamics is shown Figure 1.5. Two sce-
narios are shown for a tritium plume that results from two
different periods of release from a source area. In the left
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panel, the release of tritium into ground water at a fixed
solution activity of 50,000 pCi/L occurred for a period of
12 months. For the hydrologic conditions specified in this
scenario (Figure 1.5), insufficient attenuation would be
projected based on radioactive decay alone. The activ-
ity of tritium in the plume centerline exceeds the MCL as
the plume maximum passes the point of compliance. In
contrast, if source control had been implemented such that
release only occurred for a period of 1 month, it might be
anticipated that radioactive decay may be sufficient to meet
a cleanup objective such as an MCL for ground water. In this
case, the maximum tritium activity is at or below the MCL
as the plume maximum passes the point of compliance.
This type of screening analysis is important to conduct
early in the site characterization effort for radionuclides for
which attenuation by immobilization is not significant. This
illustration also points to the importance of understanding
source characteristics both in terms of total contaminant
mass/activity as well as rates of release.

Determination of contaminant sorption onto aquifer solids
could be supported through the collection of aquifer cores
coincident with the locations of ground-water data collec-
tion and analysis of contaminant concentrations on the
retrieved aquifer solids. lllustration of the type of data trend
anticipated for a site where sorption actively attenuates
contaminant transport was provided in Volume 1 (USEPA,
2007a; Figure 1.2 in Section IC.1). Ultimately, sites that
demonstrate ground-water plume expansion and a lack
of contaminant sorption would be eliminated from further
consideration of MNA as part of the cleanup remedy.

1.3.2 Tierll

The objective under Tier Il analysis would be to eliminate
sites where further analysis shows that attenuation rates
are insufficient for attaining cleanup objectives established
for the site within a timeframe that is reasonable compared
to other remedial alternatives. (see USEPA, 1999c, pages
19-21, for a discussion of “reasonable timeframe for reme-
diation”.) Data collection and analysis performed for Tier Il
would indicate whether MNA processes are capable of
achieving remediation objectives, based on current geo-
chemical conditions at the site. This data collection effort
would also be designed to support identification of the
specific mechanism(s) controlling contaminant attenuation.

An estimate of attenuation rates for long-lived radionuclides
will typically involve calculation of the apparent transfer
of mass from the aqueous to the solid phase, based on
sampling of ground water and/or aquifer solids. It is recom-
mended that these estimates be based as much as possible
on field measurements rather than modeling predictions.
A recommended approach is to identify hydrostratigraphic
units for the site and develop a ground water flow model
which can be used to estimate ground-water seepage
velocities in each of these units (Further information on
ground-water flow models was provided in Volume 1,
Section 1.D.). These seepage velocities can be combined
with measured contaminant concentrations to estimate
mass flux (mass per time per area) for each contaminant,
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release from source at 50,000 pCi/L. Assumptions: ground-water seepage velocity = 100 m/y,
longitudinal dispersivity = 0.11 m, 3H decay half-life = 12.35 y, insignificant influence from source term

decay.

in each hydrostratigraphic unit. The necessary data might
include physical parameters such as hydraulic conductivi-
ties within the aquifer and hydraulic gradients. Changes in
mass flux can then be used to estimate mass loss from
the aqueous phase since the last sampling event, which
is assumed to be the apparent attenuation rate. (Further
information on estimating attenuation rates is provided in
Volume 1, Section 111A.5.)

Determination of attenuation mechanism will depend on
collection of data to define ground-water chemistry, aqui-
fer solids composition and mineralogy, and the chemical
speciation of the contaminant in ground water and as-
sociated aquifer solids. This will entail a significant effort
in the site-specific data collection effort, but provides the
underpinning for further evaluation of the performance of
MNA to be addressed in subsequent stages of the site
characterization process. The goal of this characterization
effort is to identify the aqueous and solid phase constituents
within the aquifer that control contaminant attenuation. This
data collection effort may include collection of field water
quality data (e.g., pH, dissolved oxygen, alkalinity, ferrous
iron, and dissolved sulfide), laboratory measurements of
ground-water and aquifer solids chemical composition,
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microbial characteristics and/or mineralogy of the aquifer
solids (as relevant to immobilization), and the chemical
speciation of the contaminant in ground-water and/or
the aquifer solids. Contaminant speciation refers to both
oxidation state characterizations [e.g., U(VI) vs. U(IV)] as
well as specific associations with chemical constituents in
aquifer solids (e.g., precipitation of uranium oxide/silicate
vs. adsorption of U(VI) to iron oxides). Evaluations of the
subsurface microbiology may be necessary in situations
where biotic processes play a direct or indirect role in gov-
erning contaminant attenuation. Indirect microbial influence
on contaminant attenuation includes situations in which the
predominant characteristics of the ground-water chemistry
are controlled by microbial oxidation-reduction reactions.
This situation may be more predominant in plumes in
which readily degradable organic contaminants, such as
hydrocarbons or chlorinated solvents, are also present.
Ultimately, mechanistic knowledge of the attenuation pro-
cess along with a detailed knowledge of the ground-water
flow field provides the basis for subsequent evaluations
to assess the long-term capacity of the aquifer to sustain
contaminant attenuation.



1.3.3 Tier lll

The objective under Tier lll would be to eliminate sites
where site data and analysis show that there is insufficient
capacity in the aquifer to attenuate the contaminant mass
to ground-water concentrations that meet regulatory objec-
tives or that the stability of the immobilized contaminant is
insufficient to prevent re-mobilization due to future changes
in ground-water chemistry. Possible factors that could result
in an insufficient capacity for attenuation include:

1. changes in ground-water chemistry result in slower

rates of attenuation,

2. insufficient mass flux of aqueous constituents that
participate in the attenuation reaction, and/or
3. insufficient mass of solid constituents in aquifer

solids that participate in the attenuation reaction.

These factors pertain to situations where immobilization
is the primary attenuation process. For immobilized con-
taminants, factors to consider relative to the long-term
stability of the attenuated contaminant include changes in
ground-water chemistry that could result in release of the
contaminant from aquifer solids due to desorption from
solid surfaces or dissolution of precipitates. For example,
contaminant desorption could be caused by changes in
ground-water pH, since the degree of adsorption is typi-
cally sensitive to this parameter. Alternatively, dissolution of
a contaminant attenuated as a carbonate precipitate may
result from decreases in ground-water pH and alkalinity.

Assessment of attenuation capacity will depend on knowl-
edge of the flux of contaminants and associated reactants
in ground-water, as well as the mass distribution of reac-
tive aquifer solids along ground-water flow paths. In order
to conduct this type of evaluation, adequate information
is needed on the heterogeneity of the ground-water flow
field, and the spatial and/or temporal variability in the dis-
tribution of aqueous and solids reactants within the plume.
For situations where ground-water chemistry is governed
by microbial processes, seasonal variations may exert an
indirect influence on the effective capacity within the aquifer
at any point in time. The general approach that can be taken
is to estimate the attenuation capacity within the plume
boundaries and compare this capacity with the estimated
mass flux of aqueous phase contaminants emanating
from source areas based on site-specific data. Exploring
alternatives to minimize contaminant release from source
areas may prove beneficial for sites that possess insufficient
capacity to adequately attenuate the ground-water plume.
Ultimately, this points to the critical importance of a detailed
characterization of the system hydrology.

Assessment of the stability of an immobilized contaminant
can be evaluated through a combination of laboratory
testing and chemical reaction modeling within the context
of existing and anticipated site conditions. Both analysis
approaches can be developed based on the information
gathered during Tier Il efforts to characterize the specific
attenuation process active within the ground-water plume.
Through Tier Il analysis, a specific attenuation reaction
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was defined that identified critical reaction parameters such
as the identity of dissolved constituents that participated
in the process. In addition, mechanistic understanding of
the overall reaction provides the context for evaluating site
conditions or dissolved constituents that may interfere with
or reduce the efficiency of the attenuation reaction. For ex-
ample, sites where the contaminant plume is reducing (e.g.,
sulfate-reducing conditions) while ambient ground-water is
oxidizing may be susceptible to future influxes of dissolved
oxygen. In this situation, the attenuation process may be
due to precipitation of sulfides under sulfate-reducing condi-
tions within the plume. Future exposure of these sulfides to
oxygen may result in dissolution of the sulfide precipitate
along with release of the contaminant back into ground
water. Alternatively, sites where attenuation is predominated
by contaminant adsorption onto existing aquifer solids may
be sensitive to future influx of dissolved constituents due to
land use changes that alter either the source or chemical
composition of ground-water recharge. The sensitivity to
contaminant re-mobilization can be assessed via labora-
tory tests employing aquifer solids collected from within the
plume boundaries that can be exposed to solutions that
mimic anticipated ground-water chemistries (e.g., ambi-
ent ground-water samples or synthetic solutions in which
the concentrations of specific dissolved constituents can
be systematically varied). A supplementary avenue to test
contaminant stability could include use of chemical reac-
tion models with adequate parameterization to replicate
both the attenuation reaction as well as changes in water
composition that may interfere with attenuation. The utility
of this type of modeling analysis would be the ability to
efficiently explore contaminant solubility under a range of
hypothetical ground-water conditions in order to identify
the ground-water parameters to which the attenuation
reaction may be most sensitive. It is feasible to consider
implementation of MNA as a component of the ground-water
remedy if the analysis conducted through the previous
Tiers indicates that the aquifer within the plume boundar-
ies supports natural attenuation processes with sufficient
efficiency, capacity, and stability. The technical knowledge
obtained through identification of the specific attenuation
mechanism and the sensitivity of the attenuation process to
changes in ground-water chemistry can then be employed
in designing a monitoring program that tracks continued
performance of the MNA remedy.

1.3.4 Tier IV

The objective under Tier IV analysis is to develop a moni-
toring program to assess long-term performance of the
MNA remedy and identify alternative remedies that could
be implemented for situations where changes in site condi-
tions could lead to remedy failure. Site data collected during
characterization of the attenuation process will serve to
focus identification of alternative remedies that best match
site-specific conditions. The monitoring program will consist
of establishing a network of wells: 1) that provide adequate
aerial and vertical coverage to verify that the ground-water
plume remains static or shrinks, and 2) that provide the
ability to monitor ground-water chemistry throughout the



zones where contaminant attenuation is occurring. It is
recommended that the performance monitoring program
include assessment of the consistency in ground-water
flow behavior, so that adjustments to the monitoring net-
work could be made to evaluate the influence of potential
changes in the patterns of ground-water recharge to or
predominant flow direction within the plume. In addition
to monitoring ground-water parameters that track the at-
tenuation reaction, periodic monitoring of parameters that
track non-beneficial changes in ground-water conditions
is also recommended. Monitoring the attenuation reaction
will include continued verification of contaminant removal
from ground water, but will also include tracking trends in
other reactants that participate in the attenuation reaction
(possible examples include pH, alkalinity, ferrous iron, and
sulfate). For sites in which contaminant immobilization
is the primary attenuation process, periodic collection of
aquifer solids may be warranted to verify consistency in
reaction mechanism. It is recommended that the selection
of ground-water parameters to be monitored also include
constituents that provide information on continued stability
of the solid phase with which an immobilized contaminant
is associated. Examples of this type of parameter might
include ferrous iron or sulfate to track dissolution of iron
oxides or sulfide precipitates, respectively. Non-contaminant
performance parameters such as these will likely serve as
“triggers” to alert site managers to potential remedy failure
or performance losses, since the attenuation reaction will
respond to these changed conditions. Since increases in
mobile contaminant concentrations may be delayed relative
to changes in site conditions, these monitoring parameters
may improve the ability of site managers to evaluate and
address the potential for ground-water plume expansion. In
summary, the tiered analysis process provides a means to
organize the data collection effort in a cost-effective man-
ner that allows the ability to eliminate sites at intermediate
stages of the site characterization effort.

A general synopsis of the objectives along with possible
analysis approaches and/or data types to be collected
under each tier is provided in Table 1.2. The types of data
collected early in the site characterization process would
typically be required for selection of appropriate engineered
remedies, including characterization of the system hydrol-
ogy, ground-water chemistry, contaminant distribution, and
the aqueous speciation of the contaminant. These system
characteristics can have direct influence on the selection of
pump-and-treat or in-situ remedies best suited to achieve
cleanup objectives for inorganic contaminants. This limits
any loss on investment in site characterization for sites
where selection of MNA as part of the ground-water remedy
is ultimately determined not viable. The primary objective
of progressing through the proposed tiered site analysis
steps is to reduce uncertainty in the MNA remedy selec-
tion. The remaining discussion in this section of Volume 1
will elaborate on two issues that have been introduced
above, specifically the use of models in site characteriza-
tion and general factors to consider for implementation of
a long-term performance monitoring program. These top-
ics are addressed at this juncture to allow greater focus to
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discussions later in this volume pertaining specifically to
attenuation processes (Volume 1, Section Il) and the types
of site characterization data needed for their identification
(Volume 1, Section lll). The following discussion provides
perspective on the role of model applications in the site
characterization process, the types of models that might
be employed to help meet the objectives set forth under
each tier, and potential limitations in the availability and
adequacy of available model codes.

1.4 Incorporating Decay Phenomena into

Descriptions of Subsurface Transport

The use of models to describe ground-water flow and con-
taminant transport for non-radionuclides was provided in
Volume 1 of this document (Section 1.D. in USEPA, 2007a;
see also USEPA, 1996). In general, the types of models
and supporting data needed as input data to describe
contaminant transport of long-lived radionuclides will
be similar to that needed for non-radionuclides in which
chemical reactions control mass transfer within the aquifer.
However, for short-lived radionuclides or for radionuclides
in which the energy released during decay can impact
reaction conditions, additional model constructs and/or
input data may be needed. Models have been developed
that can simultaneously describe contaminant transport for
a parent radionuclide and daughter products that display
variable degrees of sorption affinity for aquifer solids (e.g.,
van Genuchten, 1985; Srinivasan and Clement, 2008 a & b).
This approach has application to short-lived radionuclides,
since the influence of radioactive decay on the distribution
of radionuclide activity/mass can be projected within the
plume boundary (e.g., Figure 1.5). In these model applica-
tions, sorption to aquifer solids is typically represented by
a linear sorption coefficient or “K,” (see discussion below).
This approach is most likely applicable to radionuclides and/
or daughter products in which adsorption or ion exchange
is the dominant mechanism for solid-liquid partitioning.
However, it should be noted that these model applications
may be limited both by the inadequacy of a linear sorption
coefficient to describe contaminant partitioning (e.g., Bethke
and Brady, 2000; Zhu, 2003) and the failure to account for
contaminant precipitation reactions that may accompany
changes in redox chemistry and/or major ion fluxes within
the plume. Specific discussions on approaches to monitor
and model contaminant solid-liquid partitioning are provided
in the individual contaminant chapters later in this volume.

1.4.1 Variable Solid-Liquid Partitioning for Parent
and Daughter Radionuclides

As described previously, radioactive decay processes result
in the formation of a new radionuclide that may have signifi-
cantly different chemical properties. Thus, while radioactive
decay will result in mass-loss of the parent radionuclide, a
more mobile daughter radionuclide may result. As an ex-
ample, 22°Ra (typically associated with solids) decay to 222Rn
(a dissolved gas) presents a situation where the parent and
daughter isotopes display very different reaction-transport
characteristics in ground water. This may be an undesir-
able situation if the daughter radionuclide presents a similar



Table 1.2 Synopsis of site characterization objective to be addressed throughout the tiered analysis process and
potential supporting data types and/or analysis approaches associated with each tier.

Tier

Objective

Potential Data Types and Analysis

Demonstrate active
contaminant removal
from ground water

Ground-water flow direction (calculation of hydraulic gradients); aquifer
hydrostratigraphy

Contaminant concentrations in ground water and aquifer solids

Evaluation of potential for plume expansion based on estimation of activity/
mass removal via radioactive decay compared to ground-water transport
velocity in aquifer

General ground-water chemistry

Determine mechanism
and rate of attenuation

Detailed characterization of system hydrology (spatial and temporal
heterogeneity; flow model development)

Detailed characterization of ground-water chemistry
Subsurface mineralogy and/or microbiology
Contaminant speciation (ground water & aquifer solids)

Evaluate reaction mechanism (site data, laboratory testing, develop
chemical reaction model)

Determine system
capacity and stability of
attenuation

Determine contaminant & dissolved reactant fluxes (concentration data &
water flux determinations)

Determine mass of available solid phase reactant(s)

Laboratory testing of immobilized contaminant stability (ambient ground
water; synthetic solutions)

Perform model analyses to characterize aquifer capacity and to test
immobilized contaminant stability (hand calculations, chemical reaction
models, reaction-transport models)

Design performance
monitoring program
and identify alternative
remedy

Select monitoring locations and frequency consistent with site
heterogeneity

Select monitoring parameters to assess consistency in hydrology,
attenuation efficiency, and attenuation mechanism

Select monitored conditions that “trigger” re-evaluation of adequacy of
monitoring program (frequency, locations, data types)

Select alternative remedy best suited for site-specific conditions
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or greater radiological or chemical risk. For example, the
amount of radiation being released can actually rise over
time as successive radioactive decay products undergo
decay. Ultimately, the degree to which one needs to be
concerned about this issue will depend on the number and
total activity of radionuclide contaminants that are present
in a particular plume. Given this information, one can make
use of radioactive decay relationships to project increases
in decay products and activity, or in-growth, with or without
consideration of ground-water transport.

1.4.1.1 Daughter In-growth

Depending on the parent radionuclide of concern, there
are four general scenarios that may be encountered in

which unstable and/or stable nuclides may be produced:
1) unstable parent decays to a stable daughter (e.g., ¥"Cs
decay to stable ¥’Ba), 2) unstable parent and unstable
daughter have similar half-life (e.g., 2"Th decay to ??°Ra),
3) unstable parent has much longer half-life than unstable
daughter (e.g., ?*°Ra decay to ???Rn), and 4) unstable par-
ent has much shorter half-life than unstable daughter (e.g.,
241Am decay to 2”Np). The changes in parent and daughter
activities/concentrations along with total activity in ground
water are illustrated for these four scenarios in Figure 1.6.
It can be seen that the production of daughter products can
influence plume composition, potential radiological risks,
and the dimensions of the plume if the daughter product
displays a radiological or chemical risk and transport char-
acteristics different from that of the parent radionuclide.
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lllustration of four decay in-growth scenarios that may be encountered for ground-water plumes contami-

nated with radionuclides. lllustrations were derived from the USEPA website - http.//www.epa.gov/radia-

tion/understand/equilibrium.html. T,
daughter radionuclide.

/2,p

= decay half-life of parent radionulide, T, , , = decay half-life of
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1.4.1.2 Data Sources and Determination of Solid-
Liquid Partitioning

As described in Section IIB.3 in Volume 1 (USEPA, 2007a),
there are several different approaches to describing solid-
liquid partitioning in transport models. The simplest ap-
proach to modeling solid-liquid partitioning during ground-
water flow is to use a linear sorption coefficient, or K, that
represents contaminant uptake as a linear function of the
total concentration in solution. The use and limitations of
this approach are provided in various publications (e.g.,
USEPA, 1999a; Bethke and Brady, 2000; Davis and Curtis,
2003; Zhu, 2003). One significant limitation to use of the K
approach is that the sorption coefficient is generally devel-
oped for (and only applicable to) a fixed set of ground-water
chemical conditions. The chemical conditions in ground
water affect the speciation of radionuclides in solution (e.g.,
complexation with dissolved carbonate), surface chemical
properties of potential sorbents (e.g., charging behavior
of oxyhydroxide minerals), and the types and tendency
for chemical bond formation onto aquifer solids (e.g., pH
dependence of cation sorption). Thus, even if a K, was
developed using well-preserved aquifer solids and sampled
ground water from the site being characterized, chemical
conditions may evolve within the plume to the extent that
the developed K relationship may no longer provide a
valid representation of radionuclide partitioning. From this
perspective, use of a K, obtained from literature reports or
derived from site-specific tests should be done so following
critical evaluation of the compatibility between test condi-
tions and subsurface characteristics with the portion(s) of
the contaminant plume for which contaminant attenuation is
being assessed. Under many situations, selection of a K,
can single-handedly determine the results of contaminant
attenuation calculations.

There are available compilations of sorption coefficients
for the radionuclides addressed in this volume (USEPA,
1999 a & b; USEPA, 2004a). In these technical reviews,
contaminant-specific partitioning coefficients were derived
from published data sets for a wide range of soils. While
these data may have limited applicability for a specific site,
they do provide useful context for evaluating the relative
mobility of various radionuclides that might be present in
a ground-water plume. In contrast, there are more limited
compilations describing radionuclide partitioning to various
minerals in aquifer solids (e.g., iron oxyhydroxides, clay
minerals such as montmorillonite) that are based on more
detailed mechanistic descriptions of solid-liquid partition-
ing (e.g., surface complexation models; see Section IIB in
Volume 1). However, the applicability of these models is
usually limited to describe radionuclide transport in contami-
nant plumes due to the uncertainty in input parameters to
describe mineral surface charging and/or the potential role
of multiple mineral components participating in solid-liquid
partitioning along transport pathways. Hybrid modeling
approaches have been developed in which variable char-
acteristics of sorbent phase(s) along transport pathways
is addressed via collection of site-specific data, while al-
lowing the ability to incorporate the influence of aqueous
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radionuclide speciation on the partitioning reaction (e.g.,
Davis and Curtis, 2003).

In situations where radionuclide precipitation reactions
may control attenuation, verification of the accuracy and
completeness of solubility reactions included in the ther-
mochemical database is critical for model applications.
There have been significant efforts over the past several
years to review and update thermochemical databases
available to describe radionuclide precipitation in ground-
water systems. Examples of these efforts include those by
the Nuclear Energy Agency (Guillaumont et al., 2003) and
the Paul Scherrer Institute Laboratory for Waste Manage-
ment (Thoenen et al., 2004) to critically evaluate existing
published thermochemical data and provide the technical
rationale for selection of specific constants based on the
reliability of published methods and results in the technical
literature. It is recommended that any modeling effort that
incorporates descriptions of radionuclide precipitation as
an attenuation mechanism make use of these technically
reviewed databases.

Ultimately, the effort expended into the development of
reactive-transport models will likely be governed by the
type of attenuation processes anticipated to control radio-
nuclide transport. It is recommended that the selection
of appropriate modeling approaches be supported with
the collection of site-specific data that verify the primary
attenuation mechanisms for each radionuclide in a given
ground-water plume (i.e., as set forth in recommendations
for Tier 1l evaluation efforts).

1.4.1.3 Influence of Alpha-Recoil on Daughter
Solid-Liquid Partitioning

In general, solid-liquid partitioning for radionuclides
addressed in this volume will be governed by properties
of the radionuclide and sorbent material, as well as the
overall chemical conditions in ground water. As previously
discussed, radioactive decay may result in daughter
products that possess sorption characteristics significantly
different than the parent nuclide. Radioactive decay of
sorbed radionuclides may also alter properties of the solid
to which they are partitioned. For some radionuclides, the
energy released during radioactive decay is sufficient to
either eject the daughter element from the solid structure
(Kigoshi, 1971) or cause damage to the host solid
(Fleischer, 1980). For the latter situation, the damage to
the solid structure increases the susceptibility to dissolution
(Eyal and Fleischer, 1985).

The potential influence of alpha-recoil is exemplified by
the behavior of 28U and 234U solid-solution partitioning in
ground-water systems in which 23U becomes enriched
in ground water (Ivanovich, 1994). For this decay chain,
238 decay produces 2%4Th along with emission of an alpha
particle of sufficient energy to cause ejection of 23Th into
ground water. Subsequent serial decay of 23Th (24.1 day
half-life) to 23*Pa (6.7 hour half-life) and ultimately 234U re-
sults in an elevated activity/concentration of 23U relative to
what would be anticipated based strictly on the solid-liquid
partitioning for uranium and/or thorium. Additional examples



of decay chains that may produce recoil effects include
those for 228Th, 22°Th, and ?Ra (Sun and Semkow, 1998).
Radionuclide transport models have been developed that
incorporate the influence of alpha-recoil on the solid-liquid
partitioning of parent and daughter radionuclides (Tricca et
al., 2001; Maher et al., 2006). However, this phenomenon is
not routinely recognized as a contributing factor in ground-
water plumes at contaminated sites.

In general, the impact of this process is difficult to character-
ize in an aquifer and may play a minor role in contaminant
plumes with concentrations that greatly exceed natural
levels. However, given that mass-equivalent regulatory
standards for many of the radionuclides addressed in this
volume are quite low, the potential importance of alpha-
recoil events should be qualitatively evaluated before ruling
out the significance of this process. In other instances,
consideration of alpha-recoil processes may be more rel-
evant from the standpoint of explaining anomalous analyti-
cal results and/or selecting/tailoring an analytical method.

1.4.2 Colloid Generation and Transport

An overview of colloid generation and transport in ground
water was provided in Section llA.2 in Volume 1 (USEPA,
2007a). In that discussion, emphasis was placed on col-
loidal solids acting as carriers of inorganic contaminants
within a ground-water plume. The types of colloids dis-
cussed included minerals and/or organic compounds native
to the aquifer solids or formed from components in waste
streams transported as part of the ground-water plume. It
has been proposed that these colloid types be referred to
as “pseudo-colloids” when describing radionuclide transport
(Kim, 1991). The characteristics of carrier colloids and tech-
nical issues important for site characterization presented
in Volume 1 also apply to radinonuclide transport in this
volume. For the radionuclides addressed in this volume,
an additional source of colloids may be derived from the
radionuclide under certain chemical conditions. These mo-
bile solids are referred to as radiocolloids or “real-colloids”
(Kim, 1991), which can be derived from the polymerization
and precipitation of the radionuclide to form solids with size
dimensions on the order of nanometers. An example of
this phenomenon is the formation of fine-grained thorium
oxide solids possessing surface charge characteristics that
maintain their mobility in porous media (e.g., Yun et al.,
2006). A conceptual framework for understanding colloid
stability and transport in ground water has been developed
(Degueldre et al., 2000), and it is recommended that this be
consulted as a point of reference for assessing the potential
importance of this process at a given site.

Conflicting reports of the importance of colloidal transport
for a given site exist in the literature (e.g., Savannah River
Site — Kaplan et al., 1994 and Dai et al., 2002; Los Alamos
National Laboratory — Penrose et al., 1990 and Marty et
al.,, 1997). Review of these findings point to the critical
need to 1) insure use and documentation of appropri-
ate well design, construction, and screen development
and/or re-development procedures, 2) employ sampling and
analysis protocols that avoid the generation of analytical

17

artifacts, and 3) develop a comprehensive knowledge of
the potential sources of the contaminant along transport
pathways throughout the plume (e.g., Dai et al., 2002; see
Section 1.5.3 below). These observations suggest that
colloidal transport is often invoked to explain apparent en-
hanced contaminant transport in place of direct observation
of colloids along plausible transport pathways. In general, it
appears that the common approach of identifying the pres-
ence of colloidal matter through comparison of filtered and
unfiltered water samples will not be a reliable approach for
confirming this transport mechanism for radionuclides. Itis
recommended that characterization of the chemical com-
position and structural identity of the purported colloids be
determined in order to evaluate whether the identified solids
are likely derived from the aquifer solids along transport
pathways or if they are an artifact resulting from improper
well development and/or sampling protocols. There is evi-
dence that colloid mobilization may be short-lived within a
given aquifer due to the high surface area and reactivity of
colloidal materials (e.g., Miekeley et al., 1992). This is of
particular importance for the development of contaminant
transport models that may be used to project plume ex-
pansion or contraction. At present, the level of uncertainty
relative to the capability to directly observe and model
colloidal transport in ground water should be considered
to be high. A brief review of sampling and analysis tech-
nologies for the collection and analysis of colloidal phases
in ground water is provided below (Section 1.5.4) for sites
where colloidal transport appears to play a critical role in
contaminant transport.

1.5 Site Characterization

The objective of characterization efforts at a site where MNA
is being considered as a component of the ground-water
remedy is to evaluate the performance characteristics of
existing conditions within the aquifer to achieve cleanup
goals. Unlike engineered remedies where certain basic
performance characteristics are generally understood, se-
lection of MNA depends on developing detailed understand-
ing of the active attenuation mechanisms within the plume
and evaluating how changes in ground-water chemistry
may impact the rate, capacity and long-term stability of
contaminant attenuation. In order to develop a mechanistic
understanding of the attenuation process(es) active within
a plume, acquisition of characterization data describing
hydrologic conditions, ground-water chemistry, contaminant
speciation, and factors controlling solid-liquid partitioning is
needed. Review of the types of required data, approaches
to obtain these data, and the approaches to make use of
these data to assess the feasibility of MNA selection was
provided in Volume 1 of this document (USEPA, 2007a).
Specifically, discussion within Volume 1 covered charac-
terization of site hydrology (Section 1l1A), characterization
of ground-water chemistry including aqueous contaminant
speciation (Section 1lIB.1), and characterization of aquifer
solids and the product(s) of contaminant immobilization
reactions (Section 1lIB.2). These characterization tasks
also apply to the radionuclides discussed within this volume
and specific recommendations are included in the individual



contaminant chapters. The objective of this section is to
highlight characteristics and analytical methodologies that
are unigue to contaminants subject to radioactive decay.

1.5.1 Overview of Methods for Radionuclide
Measurement

As with stable elements, detection of radionuclides can
be achieved using mass-based techniques (e.g., mass
spectrometery) or the measurement of the interaction of
various sources of electromagnetic radiation with the target
radionuclide or chemical complexes it may form with other
chemical constituents (e.g., absorption of radiation in the
ultraviolet or visible spectrum). In general, the sensitivity
of chemical methods based on absorption or emission of
electromagnetic radiation is not sufficient to achieve detec-
tion levels comparable to mass-equivalent regulatory levels
for many of the radionuclides of concern. Exceptions to this
generalization are provided in the individual contaminant
chapters included later in this volume, where applicable.
Absorption- or emission-based chemical methods are also
limited to measurement of total radionuclide abundance
and are unable to differentiate between isotopes of a given
element. However, the property of radioactive decay pro-
vides another approach to uniquely identify and quantify
radionuclides. Radioactive decay results in the formation of
a daughter element that may be unique to the decay event,
and it also may result in the production of energetic particles
(e.g., alpha particles) and/or radiation (e.g., gamma radia-
tion) possessing energies that are also specific to the decay
process (e.g., as reviewed in USEPA, 2006b). Thus, detec-
tion of these inherent products of the decay process can
be used as an approach to uniquely identify and quantify
the parent radionuclide. Since radioactive decay reactions
follow known mechanisms with fixed reaction rates, it is
generally feasible to measure the products of decay and
calculate the activity/mass of the parent radionuclide that
was necessary to produce the observed product activity/
mass. As discussed in USEPA (2006b), these methods
may be used for the purpose of detecting the presence of a
particular radionuclide (i.e., screening methodologies) and
the quantification of the activity- or mass-based concentra-
tion in the sampled medium.

There are some limitations to the use of radioactive decay
as the basis for radionuclide detection. A notable example
is the inability to distinguish 23°Pu and 24°Pu using alpha par-
ticle detection, since decay of both radionuclides produces
alpha particles with energies that are unresolved employing
available energy detection devices (e.g., Dai et al., 2002).
The following discussion provides a brief overview of the
more commonly used analytical methods with published
standard approaches, as well as more recently developed
mass-based methodologies that are seeing greater applica-
tion for characterization of ground water with radionuclide
contamination (e.g., Hou and Roos, 2008). It should be
noted that many radionuclides of concern have low specific
activities (e.g., 2%U or 2%U), and their measurement may
be more appropriately addressed using mass-based meth-
odologies (See Section 1.5.1.2 and individual radionuclide
chapters for additional information.)

18

1.5.1.1 Radiometric Techniques

A recent compilation of radiometric methods used for site
characterization to support environmental restoration efforts
has been published by the USEPA (2007c). Section 6.0
of this compilation of standard analytical methods (SAM;
Version 3.1; available at Attp./www.epa.gov/nhsrc/pubs/re-
portSAM030107.pdf) includes radiochemical methods that
have a high likelihood of assuring analytical consistency.
Criteria used to make this characterization included the
historical use of the referenced methods and the availability
of laboratory facilities across the nation with the capability
and capacity to conduct sample analyses. The methods
listed in this compilation include only radiometric methods
based on the detection and quantification of gamma rays,
alpha particles, or beta particles emitted during decay of
the targeted radionuclide or a common daughter product,
where the activity or mass of the radionuclide is derived
using known characteristics of the decay process. The
listed methods address analysis of both liquid and solid
samples and sample preparation procedures needed based
on requirements of the detection method. The methods can
be used for determination of qualitative (i.e., radionuclide
identification) and quantitative (i.e., radionuclide activity or
mass) information for the sample matrix.

A broader list of radiochemical methods is provided in the
Multi-Agency Radiological Laboratory Analytical Protocols
(MARLAP) Manual available at http.//www.epa.gov/radia-
tion/marlap/manual html. Analysis of liquid samples (or sol-
ids following dissolution) using the radiometric techniques
described above requires significant sample processing
1) to isolate radionuclides of interest from potentially inter-
fering matrix components, and 2) to present the sample
in a configuration that optimizes counting statistics (e.g.,
to minimize absorption of alpha or beta particles prior to
detection). A number of methods and techniques employed
to separate and purify radionuclides contained in environ-
mental samples are described in Chapter 14 (Separation
Techniques) of the MARLAP Manual posted at the website
listed above (USEPA, 2004b). Details on the analytical
requirements, potential interferences and performance
characteristics for the various radiometric techniques are
provided in Chapter 15 of the MARLAP Manual (Quantifica-
tion of Radionuclides; USEPA, 2004b). This document also
provides discussion of the use of liquid scintillation meth-
ods in which decay of a radionuclide excites a compound
(“fluor”) that produces fluorescent radiation.

It is recommended that site managers also consult a con-
cise compendium of methods for radionuclide detection
and quantification in soils and water, entitled “Inventory of
Radiological Methods” (USEPA, 2006b), which is available
at http.//www.epa.gov/narel/IRM_Final.pdf. In this docu-
ment, a summary of nominal minimum detection limits for
the various radionuclide detection methods is provided
in Figure 2 (pg. 41) and a list of applicable methods for
the radionuclides discussed in this volume is provided in
Table 10 (pg. 42) of this publication (USEPA, 2006b).
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Recent developments in the design of analytical systems
that combine the steps of radionuclide isolation from the
sample matrix in-line with various radiometric detection
systems have facilitated the application of radiometric
measurements in the field. Grate et al. (2008) provide a
comprehensive review of the types of systems that have
been developed along with their performance character-
istics for detection and quantification of radionuclides in
ground water. In situ sensors for long-term monitoring ap-
plications without use of consumable reagents have also
been developed (e.g., Egorov et al., 2001) for the quanti-
fication of ®Tc and °°Sr in ground water. These analytical
platforms will help address the need to collect spatial and
temporal information on ground-water plume behavior.
For contaminants in which desired detection limits can be
achieved with short detector count times, these techniques
provide the means to adjust sampling activities in the field.

1.5.1.2 Mass-based Techniques

For very long-lived radionuclides (those with half-lives
over 10,000 years, e.g., 234/235/238( J  239/2401244Py 99T ¢, 129|),
mass-based techniques may be faster and more sensi-
tive than nuclear-decay emission analyses. More recent
environmental applications include the use of mass-based
techniques for the analysis of nuclides with intermediate
half lives, including °Sr, 2%Ra, and '35137Cs. In addition,
sample preparation for mass-based techniques can avoid
some of the radionuclide separation and purification steps
required for nuclear-decay emission analyses, providing
added savings in time and labor, which is particularly true for
alpha spectroscopy where sample self-adsorption concerns
can lead to extensive labor intensive sample preparation.
Becker (2003) and Lariviere et al. (2006) provide recent
reviews of mass spectrometry applications for the deter-
mination of radionuclide concentrations in environmental
samples. The sensitivity and mass-selectivity of these ap-
proaches, along with the ability to circumvent matrix and
isobaric interferences, have significantly increased the utility
of these methods. This can be further improved with the
use of on-line techniques for the separation and enrichment
of the targeted radionuclide from the sample matrix (e.g.,
Egorov et al., 2001; Miro and Hansen, 2006), similar to
approaches used for radiometric measurements. These
methods also provide the opportunity to simultaneously
measure the concentrations of a range of stable isotopes
that may provide information necessary to uniquely iden-
tify potential waste sources and/or ground-water transport
pathways within the aquifer.

1.5.1.3 Radionuclide In-growth Corrections

As previously discussed, the activity and mass of a radio-
nuclide continuously decreases in time due to radioactive
decay (in the absence of production from decay of pro-
genitors that may exist in contaminant source areas; see
Section 1.5.3.2). For short-lived radionuclides, this may
impact analytical results, since contaminant measurements
are typically conducted after a period of time has elapsed
since the time of sample collection. Since sample collection
is conducted to provide a snapshot of plume conditions at
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a particular point in time, it is critical that analytical data
for radionuclides be adjusted to account for decay losses
during the interval between sample collection and analysis.
Specifically, there is no method of preservation that can halt
contaminant losses due to radioactive decay. These correc-
tions apply both for situations where the target radionuclide
is the parent isotope (i.e., decreasing activity with time) or
a daughter isotope produced from decay of other radionu-
clides that may be present in the sample (i.e., increasing
activity with time). An example of this latter phenomenon
was illustrated by Dai et al. (2002) where a fraction of 240Pu
in ground-water samples was produced from decay of
244Cm that was also present in the sample during storage.
Without correction for production of 24°Pu during storage,
the activities of this radionuclide would have been biased
high, providing an inaccurate picture of the activity or con-
centration of 24°Pu at the time of sampling from within the
plume. In this situation, 2°Pu accumulates in the sample
with time due to its long half-life for radioactive decay. Due
to the relatively low regulatory benchmarks for activity- and
mass-based radionuclide concentrations in ground water,
radionuclide in-growth corrections may be important for
accurate descriptions of plume characteristics in time.

1.56.2 Chemical and Redox Speciation

Determination of the chemical speciation and redox state of
a radionuclide in ground water is critical for assessing the
factors controlling contaminant attenuation (or mobilization).
As a point of reference, uranium is typically more mobile in
its oxidized form [U(V1)], although the uranyl cation may ad-
sorb onto mineral surfaces. Elevated alkalinity can suppress
adsorption of the uranyl cation through formation of soluble
carbonate complexes (Um et al., 2007). Confirmation of
the speciation of uranium for this situation would be best
achieved through confirmation of the predominant oxida-
tion state of uranium in solution. For uranium, it would be
possible to measure the relative proportion of U(VI) using
kinetic phosphorimetry, since only the oxidized species is
luminescent (Brina and Miller, 1992). Determination of the
fraction of uranyl complexed with carbonate would then
necessitate measurement of alkalinity (or inorganic carbon)
with calculation of carbonate species using a chemical spe-
ciation model. Approaches to determine either redox state
or solution speciation for specific radionuclides are provided
in individual contaminant chapters later in this volume,
where available. May et al. (2008) provide a recent review
of methodologies that have been used to determine aque-
ous speciation of long-lived radionuclides in environmental
samples, including evaluation of the analytical merits of the
various methods for determining contaminant speciation.

1.5.3 Multiple Sources for Radionuclide of
Concern

Characterization of radionuclide transport within a plume
is commonly evaluated through the installation and sam-
pling of multiple monitoring points within the aquifer. The
transport behavior of a specific radionuclide is then inferred
through measurement of the specific activity or mass con-
centration of the radionuclide in space and time relative



to the measured velocity of ground-water flow through the
aquifer. In many cases, evaluation of the physicochemical
processes controlling transport of a specific radionuclide
may be based on assumptions about the characteristics of
fluid transport or the potential source(s) of the radionuclide.
Since knowledge of source term characteristics is critical to
assessing attenuation mechanisms and/or capacity within
the aquifer, proper identification of the apparent up gradi-
ent source of the radionuclide at any location within an
apparent plume is important to development of an accurate
conceptualization of contaminant transport. Two issues that
are important to consider relative to proper identification of
the contaminant source include: 1) differentiating whether
a single source term or multiple source terms contribute to
the contaminant mass/activity throughout the plume, and
2) determination of whether the specific radionuclide was
present in the initial source zone or whether it is a product
of decay of more mobile parent radionuclides moving within
the plume.

1.5.3.1 Isotopic Composition for Radionuclide
Source Discrimination

Ground-water plumes may be derived from one or multiple
sources at a site. In addition, large sites may have multiple
source areas that contribute to multiple plumes that may or
may not intersect at some location within the aquifer. Since
determination of the capacity of the aquifer to attenuate
the mass of contaminant within the plume is identified as
a critical component of site characterization (Tier lll in Sec-
tion 1.3.3), information on the mass of contaminant being
transported along ground-water flow paths within the aquifer
needs to be determined. Radionuclide contaminants at a
site may be derived from anthropogenic (i.e., historical dis-
posal of process wastes) or natural sources. Comparison
of the distribution of isotopes for a given radionuclide near
suspected source areas and down gradient within a plume
provides an approach to determine whether a single or
multiple areas of contamination contribute to the mass of
contaminant within the aquifer where MNA is being evalu-
ated as a component of the ground-water remedy (e.g.,
Ketterer et al., 2004). This characterization approach can
be supplemented with analysis of 1) unregulated radio-
nuclides that may be characteristic of a particular waste
stream and transported with the contaminant of concern
(Brown et al., 2006; ruthenium as a tracer for different tech-
netium sources) or 2) the distribution of stable isotopes for
an element that is characteristic of the hydrologic source
of ground water observed at a given location within a
plume. As an example, studies examining the distribution
of radionuclides and stable isotopes have been conducted
at the Hanford Site in Richland, Washington to aid in dif-
ferentiating contaminant sources for ground-water plumes
at various locations throughout the site (Dresel et al., 2002;
Christensen et al., 2004; Christensen et al., 2007). This
information has been used to constrain interpretations
of ground-water transport and projections of the mass of
contaminants potentially being transported along critical
transport pathways.
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For radionuclide contaminants that may be derived from
both anthropogenic and natural sources, determination of
the contaminant isotopic distribution may provide one line
of evidence for identifying the predominant contaminant
source. For anthropogenic sources, knowledge of the
manufacturing or utilization process may also be important
for situations where characteristics of the raw materials may
have varied over the lifetime of the process. For example,
the manufacture of targets for production of plutonium may
have made use of depleted or natural forms of uranium.
Uranium also provides an example of a radionuclide that
may have been present as a component of a waste stream
disposed on site or derived from aquifer solids due to leach-
ing reactions driven by movement of the plume through
the aquifer. For example, isotopic ratios of 235U:2%8U or
2361J:23%8J in ground water or aquifer solids within the plume
may provide a signature for an anthropogenic source of this
radionuclide (e.g., Marsden et al., 2001; Howe et al., 2002).
This approach is applicable at sites where wastes may have
been derived from operation of nuclear reactors or the pro-
cessing of uranium fuels to support nuclear reactions. The
unstable isotope 236U does occur in nature (2.3415x107 yr
half-life), but only at ultra-trace concentrations with a
236:2381 atom ratio of 10-'* (Zhao et al., 1997). The ratio of
these isotopes is anticipated to be higher in wastes derived
from reactor operations due to the production of elevated
levels of 238U during neutron irradiation of 2%5U. In addition,
the ratio of 2%U:2%8U is anticipated to be higher in waste
materials derived from use of 23U due to enrichment of
this radioisotope relative to 2%U in materials used in reactor
operation (relative natural abundance of 238U and 2%°U is
99.275% and 0.720%, respectively). Conversely, the ratio
of 2%5U:2%8J is anticipated to be lower in waste materials
with depleted levels of 235U due to extraction processes to
produce a material enriched in 25U for reaction operations
(Meinrath et al., 2003). As illustrated by these possible
scenarios, determination of isotopic ratios in environmental
samples from a contaminated site provides a potentially
important tool for determining contaminant sources and
tracking contaminant transport within an aquifer.

1.5.3.2 Identification of Progenitors

Radionuclides in a contaminant plume may be present as a
native component or as a daughter product from decay of
progenitor radionuclides within a waste stream. Knowledge
of process history for radionuclide production at a site and
source term composition can help in the identification of
possible progenitors. Since the progenitor and daughter
radionuclides may have differing transport properties, this
may complicate determination of the mechanism controlling
transport of the daughter radionuclide (i.e., contaminant of
concern) at different locations within the aquifer. Dai et al.
(2002) provide a useful example where the presence of
progenitors whose decay produces plutonium daughter
products could potentially lead to misidentification of the
controlling transport mechanism. In their field research,
these authors identified that 24*Cm decay led to significant
production of 24°Pu within a ground-water plume. The 24Cm
was present in a waste disposal area that was located along



the path of an apparent single plume of plutonium within
the aquifer. In previous research, Kaplan et al. (1994) had
rationalized the apparently long transport distances for plu-
tonium as being due mobile colloids. Through examination
of the activities of plutonium isotopes and potential curium
and/or americium progenitors documented in records of
site activities and waste production, Dai et al. (2002) were
able to demonstrate that 4°Pu observed at large distances
from the source area was actually derived from in-growth
from decay of 244Cm that was more mobile in ground water.

Examples of possible progenitors that could lead to in-
growth of 23°Pu or 24°Pu are illustrated in Table 1.3. The rela-
tive importance of progenitors for a given site will depend
on the types of radionuclides in various waste sources, the

total activity and half-life of the progenitors, and the rela-
tive mobility of the progenitors. As illustrated in Table 1.3,
progenitors with half-lives that are significantly shorter than
the daughter radionuclide of concern will be the ones that
are most likely to cause significant contributions from in-
growth. In addition, the mobility of the progenitor relative
to the chemical conditions within the plume may also need
to be evaluated as a part of the site characterization ef-
fort. The potential for contaminant in-growth during plume
transport points to the importance of understanding the
characteristics of potential waste sources relative to the
types of radionuclides that might be present in addition to
those that may be specifically targeted from a regulatory
perspective.

Table 1.3 lllustration of potential decay paths from different progenitor sources leading to production of either 23*Pu
or 24Pu within a plume. Due to the relatively short half-life for the progenitor radioisotopes, appreciable
activities of 24°Pu or 23°Pu may result if appreciable activities of the progenitors are present in the plume.
Determination of possible decay paths to the target radionuclide was based on examination of the Chart
of Nuclides (http://www.nndc.bnl.gov/chart/) maintained by the Brookhaven National Laboratory, National
Nuclear Data Center relative to possible decay paths based on decay modes identified in the Appendix
(EC = electron capture, B~ = electron emission, o = alpha decay). Decay half-life data were obtained us-
ing the WinChain program that provides electronic access to the ICRP38 Nuclear Decay Data Files (ICRP,
1983; Eckerman et al., 1994; m = minutes, h = hours, d = days, y = years). WinChain is a public domain
software application available for download from Oak Ridge National Laboratory

(http://ordose.ornl.gcov/downloads.html).

Contaminant Decay Decay Progenitor
Radionuclide Progenitor Mode Decay Half-life
239N B 2.355d
243Cm o 285d
239Pu
243Am (via 2*Np) o (B7) 7380y
2Np B~ 65 m
244Cm o 18.11y
240Pu
244Am (via 24Cm) B (o) 10.1h

1.5.4 Procedures for Collection of Colloidal
Radionuclide Forms

Determination of whether colloidal transport is a factor for
radionuclide transport in ground water will be predicated
on implementation of well installation, development, and
sampling protocols that avoid potential artifacts leading to
colloidal loss or production of colloidal material not pres-
ent within the plume. As previously discussed in Volume 1
(USEPA, 2007a; Sections [IA.2.1 and 11IB.1.1), improper
development of newly installed well screens and/or purging
at high volumetric rates during sampling can also lead to
the production of suspended solids that may mistakenly be
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identified as mobile colloids within the aquifer. Well instal-
lation procedures may be a source of suspended solids
retrieved during well sampling. Two common types of solids
include fine-grained materials used in drilling fluids (e.g.,
bentonite) and colloidal-sized aquifer solids either dislodged
from the matrix or resulting from breakdown of larger-sized
matrix particles due to physical forces from the drilling ac-
tivity. Introduction of anthropogenic, fine-grained materials
may be avoided through the use of drilling methods that do
not require lubricants such as clay suspensions or through
the use of water as the drilling fluid. Aggressive develop-
ment of the well (e.g., surging and/or high pumping rates)
can be used to remove these types of solids from within
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the well screen and the portion of the aquifer in contact
with the screened interval. Another potential source of
artifactual solids retrieved during sampling may be due to
precipitated solids that accumulate on well-screen materi-
als and are physically dislodged by the sampling activity
(e.g., Houben, 2006). An example of this type of solid is the
accumulation of iron oxides that result from the oxidation
and precipitation of ferrous iron during natural or induced
intrusions of dissolved oxygen within the screened interval
of the aquifer. These types of solid accumulations may
be susceptible to being dislodged at the beginning of well
purging to establish stabilization for sampling. From this
perspective, it is recommended that the well screen be re-
developed, when feasible, prior to initiating low-flow purging
to establish stabilization of field parameters.

Another source for colloidal solids in the sampled water
may derive from solid precipitation reactions occurring at
the land surface during sample handling (e.g., Nilsson et
al., 2008). As illustrated by Dai et al. (2002), Buesseler et
al. (2003), and Hasselldv et al. (2007), formation of colloidal
iron oxyhydroxides is a potential artifact when sampling
from ground-water plumes under iron-reducing conditions.
These authors have developed sampling procedures that
prevent exposure to air, and, therefore, reduce the potential
for rapid oxidation and precipitation of iron oxyhydroxides.
Characterization of the chemical composition or mineralogy
of recovered colloids provides one approach to assess the
potential for artifacts. For example, the presence of fine-
grained iron oxyhydroxides in ground water with elevated
ferrous iron concentrations [>10 mg/L Fe(ll)] is an indication
that iron oxidation-precipitation reactions may be occurring
during sample collection or processing. The use of proce-
dures such as cross-flow filtration may also be necessitated
to reliably isolate colloids from the ground-water sample
with minimal introduction of artifacts (e.g., Dai et al., 2002;
Hassell6v et al., 2007). As shown in the literature (e.g.,
Baumann et al., 2006; Baik et al., 2007), colloidal fractions
that serve as carriers for radionuclide transport may reside
in multiple size fractions that would typically pass a 0.45 um
membrane filter. Thus, use of a conventional filtration pore
size such as 0.45 um will not provide a reasonable means
for differentiating between colloidal and truly dissolved
contaminant forms in sampled ground water.

In general, colloidal sampling procedures have not pro-
gressed to the point of being a routine practice during
ground-water sampling. Given that many of the regulatory
limits for radionuclides equate to extremely low mass-based
concentrations, there is a need to develop consensus ap-
proaches that reliably sample colloidal forms of contami-
nants from ground water. Ultimately, it is recommended
that ground-water sampling for the purpose of evaluating
the presence of mobile colloids be conducted using per-
manent monitoring points that have a clear record of well
construction (including description of granular solid materi-
als employed during drilling and screen placement within
the formation), procedures used for screen development,
and the data used to evaluate the adequacy of well devel-
opment and sampling procedures.
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1.5.5 Aquifer Solids

The objectives and methodologies presented in
Sections 1lIB and IlIC in Volume 1 (USEPA, 2007a) for
solid phase characterization to support evaluation of MNA
as a component of a ground-water remedy are directly
applicable to radionuclides. In general, characterization
of radionuclide speciation along with the determination
of abiotic or biotic solid components that participate in
contaminant immobilization represent the primary data
requirements. Many of the radionuclides discussed in this
volume can exist in multiple oxidation states in ground-water
systems (e.qg., uranium, plutonium, americium, technetium).
Changes in oxidation state can dramatically alter transport
characteristics of these radionuclides. An example of
this phenomenon is the influence of reduction-oxidation
reactions that transform uranium between U(VI) and
U(IV) oxidation states. Different pathways for sorption or
precipitation exist for U(VI) and U(IV), thus identification of
the reaction mechanism controlling uranium immobilization
will, in part, depend on knowledge of the oxidation state
of uranium in aquifer solids. Knowledge of the controlling
immobilization mechanism will subsequently govern the
approach for assessing the capacity and stability of the
attenuation process.

An additional consideration for characterization of
radionuclide speciation in aquifer solids is the distribution
of isotopes of the element. Methods are available for
measuring isotope distributions in solid samples real-
time in the field (ITRC, 2006) or in the laboratory using
established procedures (USEPA, 2004b; USEPA, 2006b;
USEPA, 2007d). For some of the radionuclides addressed
in this document, there are no natural sources for aquifer
solids (e.g., *°Pu). However, several of the radionuclides
addressed in this document will have natural sources due
to the presence and decay of natural uranium (e.g., 23U,
230Th, 2%6Ra, and 222Rn from decay of 2%8U) or other naturally
occurring elements for which radioisotopic forms exist. In
addition, stable isotopic forms exist for some radionuclides
addressed in this document (e.g., strontium). The potential
presence of multiple isotopes of a given element within
the solid matrix points to the need to measure specific
isotopes during analyses that depend on mass-specific
detection. An example situation could be the application
of extraction-based approaches to determine either total
contaminant mass or chemical speciation within aquifer
solids (e.g., USEPA, 2007a, Section IIIB.2; Filgueiras et
al., 2002; Bacon and Davison, 2008). The distribution of
isotopes within the aquifer solids can also be used to verify
active immobilization reactions. It is anticipated that the
distribution of long-lived isotopes in the solid matrix will
reflect the isotopic distribution in ground water in portions
of the plume where immobilization is actively occurring
(Payne and Airey, 2006).
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Tritium

Daniel I. Kaplan, Robert G. Ford

Occurrence and Distribution

Tritium (®H) is formed through natural and anthropogenic
processes. Tritium is formed in the upper atmosphere
through the interaction of fast neutrons with nitrogen
(Jacobs, 1968; MacKenzie, 2000). Natural background
levels have risen since weapons testing of nuclear devices
from background levels of 1 to 10 tritium units to several
hundred tritium units in the late 1960s (e.g., Egboka
et al.,, 1983). [Tritium unit (TU) denotes the number of
tritium atoms per 10" atoms of hydrogen (Jacobs, 1968)
and is calculated by the expression, TU = 3H activity/
(108 * 'H activity).] Levels of H have since returned to near
background levels as a result of the atmospheric detonation
moratorium. Anthropogenic sources of *H derive from the
production, use, and reprocessing of nuclear materials
(Jacobs, 1968) or from land disposal of commercial
products that incorporate 3H as a functional component
(Mutch and Mahony, 2008). Along with uranium, tritium is
the most common radioactive contaminant found in ground
water on U. S. Department of Energy (DOE) sites; identified
on 12 of the 18 DOE facilities (DOE, 1992).

Geochemistry and Attenuation Processes

Radioactive Decay

Hydrogen has three isotopes: stable protium ('H), stable
deuterium (H), and radioactive tritium (*H). The relative
abundances of 'H, 2H, and 3H in natural water are 99.984,
0.016, and 1x10'® percent, respectively (Freeze and
Cherry, 1979). Tritium has a half life for radioactive decay
of 12.3 years, and disintegrates into stable 3He by emission
of a beta particle. Tritium oxidizes rapidly to form tritiated
water, 'THO®H, and its distribution in nature is controlled by
the hydrologic cycle (Jacobs, 1968).

Adsorption

Tritium is generally considered not to sorb to aquifer solids
and is typically assigned a partition coefficient, K, of 0 mL/g
to describe its partitioning to geological solids (McKinley and
Scholtis, 1993). All field studies indicate that tritium move-
ment is indistinguishable from water movement (USEPA,
1999). Some non-zero K values for tritium were reported
in the K, compilation put together by Thibault et al. (1990).
These non-zero K values were as great as 0.1 mL/g, but
it is unclear what specific mechanism may have produced
these observed non-zero values. Contemporary evalua-
tions of 3H transport in ground water assume conservative
behavior for this constituent (e.g., Hu et al., 2008).
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Site Characterization
Overview

Attenuation of 3H might be achieved through radioac-
tive decay (Table 2.1). Two factors that will dictate the
adequacy of attenuation via radioactive decay include the
rate of water transport and the total mass and release rate
of %H into the subsurface plume. Evaluation of whether
radioactive decay is sufficient to achieve cleanup goals will
necessitate developing knowledge of the characteristics
of ground-water flow throughout the plume, as well as the
total activity/mass of H within the plume and entering from
uncontrolled source areas.

Table 2.1 Natural attenuation and mobilization path-
ways for tritium.

Attenuation | Mobilization Characterization
Processes | Processes Approach
Radioactive | Not applicable | Determination of
decay ground-water velocity

along relevant
transport pathways
and contaminant mass
release rate from
source areas.

Aqueous Measurements

Relative to determination of the spatial distribution and
temporal variations in 3H concentration/activity within the
plume, methods for the preservation and analysis of 3H in
ground water are reviewed in USEPA (2006; Section 3.2.1
and Section 4, Table 10, respectively). As a low energy
beta-emitter, *H is most commonly analyzed using liquid
scintillation radiometric methods. Possible interferences
to this method include the presence of other radioisotopes
emitting beta/alpha particles or gamma rays (e.g., 8°Co, 88,
137Cs), as well as other constituents that cause coloration
of the water sample and potentially quench detection of
fluorescence from the scintillation reaction. Warwick et al.
(1999) have documented a simple distillation methodology
to minimize analytical bias from these potential interfer-
ences. For sites with buried contaminant sources in the
unsaturated zone, surface infiltration into the underlying
saturated aquifer or periodic saturation from water table
fluctuations may serve as a continuing source to a 3H
plume. Mapping out the locations and dimensions of these
unsaturated zone sources may prove critical to reliable
assessment of attenuation capacity within the aquifer. Field
studies have shown that determination of 3He/*He ratios
in soil gas from direct-push wells, via mass spectrometric



detection in gas samples, may provide a useful technique to
characterize contaminant source areas (Olsen et al., 2001;
Peterson et al., 2002; Olsen et al., 2006). Since radioactive
decay of 3H produces ®He, elevated 3He/*He ratios provide
a potential signature of an elevated source of subsurface
3H. While this analytical approach is currently not applied
in a routine manner, it may provide critical information for
assessment of attenuation potential. In addition, measure-
ment of °H, 2He, and “He has been used to track sources
of water in the subsurface, including estimates of the age
of ground water (e.g., Egboka et al., 1983; Poreda et al.,
1988; Visser et al., 2007). For this purpose, it is important
to assess whether isolated sources of dissolved gases,
e.g., from volatile organic compounds, methane production,
and/or N, production from denitrification, may influence
the partitioning of 2H, 3He, and “He within ground-water
samples collected from well screens positioned along the
subsurface transport pathway being investigated (Visser
et al., 2009). This information can supplement character-
ization of the hydrologic system influencing contaminant
transport through the plume.

Long-term Stability and Capacity

Since immobilization is not an active mechanism for °H
attenuation in ground water, assessment of long-term
stability is not a factor. The long-term capacity for 3H
attenuation within a plume will be dictated by the relative
rate of ground-water flow along relevant transport path-
ways compared to the rate for radioactive decay, given
a known flux of *H entering the plume. Thus, a critical
factor for assessing the overall capacity of the aquifer for
attenuation will be evaluation of the mass flux of ®H moving
through the plume relative to the rate of water movement
through the aquifer. Radioactive decay may be sufficient
to prevent plume expansion, but this is not likely for sites
with an uncontrolled source of 3H entering the subsurface
and/or characteristic times for ground-water transport that
are significantly shorter than the half-life of radioactive
decay. Relative to °H release from uncontrolled source
areas, knowledge of the total contaminant mass as well
as the rate and frequency of release into the saturated
aquifer needs to be developed. As an example, Taffet et
al. (1991) have shown that fluctuations in the water table
elevation due to periodic infiltration or recharge events can
result in periodic flushing of H from typically unsaturated
zones into the saturated aquifer. In order to make a reliable
assessment of the mass/activity flux of 3H into the plume,
it will be important to understand the characteristics of
the hydrogeologic system and the dynamics of water and
contaminant transfer from contaminant source areas into
the plume.

Tiered Analysis

Determination of the viability of 3®H remediation in ground
water via monitored natural attenuation will depend upon
proper assessment of contaminant loading to the aquifer
relative to the velocity of ground-water travel along relevant
transport pathways to the point(s) of compliance. The
goal of site assessment is to demonstrate that radioactive
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decay is adequate to meet cleanup goals given current and
projected hydrologic conditions for the site. The following
tiered analysis structure for site characterization provides
an approach to evaluate candidate sites and define the
potential limitations of MNA as part of a remedy for ground-
water cleanup.

Tier I. Site characterization under Tier | will involve dem-
onstration that the ground-water plume is static or shrink-
ing, has not reached compliance boundaries, and does
not impact existing water supplies. It is also important
at this stage of the site evaluation to determine source
term characteristics such as the inventory of contaminant
mass and the current and historical rate of release into the
subsurface. Acquisition of this information in combination
with identification of a stable plume provides justification
for proceeding to Tier Il characterization efforts.

Tier Il. Under Tier Il, the apparent rate of attenuation is
determined. Estimates of a site attenuation rate(s) can be
assessed via a well transect along the ground-water flow
path. In addition, time-series data may be collected at
one or more monitoring points within the plume (USEPA,
2007; Section 11IA.5). Since radioactive decay will be the
dominant mechanism controlling 3H attenuation, determi-
nation of the velocity of ground-water flow along relevant
transport pathways will be critical to evaluating the potential
cleanup time frame. This information will allow assessment
of the relative timescales for contaminant attenuation and
fluid transport and determination of whether remediation
objectives can be met within the required regulatory time
frame. Determination of the adequacy of radioactive
decay to achieve cleanup goals will necessitate detailed
analysis of system hydrology relative to flow pathway(s),
flow velocity, and temporal variations in flow velocity and/or
direction within the boundaries of the plume. This informa-
tion, in combination with knowledge of contaminant source
location(s), tritium mass, and release characteristics, can
be employed to develop a decay-transport model to project
3H activity/concentration distribution throughout the plume
(e.g., see Figure 1.5). The demonstration of concurrence
between conceptual and mathematical models describing
tritium transport will entail development of site-specific
parameterization of ground-water flow along relevant
transport pathways.

Tier . Under Tier ll1, it will be important to assess whether
the capacity of the system is adequate to sustain *H attenu-
ation (e.g., prevent plume expansion) relative to the mass
of the contaminant being transported through the plume.
Two principal factors that may influence capacity include
changes in water transport and/or changes in ®H mass/
activity flux entering the plume. As identified by Taffet et al.
(1991), source release characteristics may be influenced
by the physical location of sources within the subsurface
relative to the ground-water table. Fluctuations in infiltra-
tion through shallow, unsaturated zones and/or water table
elevations within the aquifer due to variations in recharge
may lead to periodic increases in 3H release from con-
taminant source areas. Changes in land usage (including
at recharge zones, wetlands, and over the contaminated



site) and/or ground-water withdrawals from the aquifer may
influence ground-water flow direction and velocity (USEPA,
2007; Section 1l1A), which in turn directly influences H travel
time. It is recommended that additional tritium transport
modeling be included to evaluate the impact of these vari-
ous scenarios to be assured that these perturbations do
not significantly diminish attenuation. If monitoring data
and model projections support adequate capacity for H
attenuation within the plume, then the site characterization
effort can progress to Tier IV.

Tier IV. Finally, under Tier IV a monitoring plan is estab-
lished along with contingency plans in the event of MNA
failure. It is recommended that the monitoring plan be
designed to establish both continued plume stability and
to identify changes in ground-water levels, flow velocity,
or direction that might influence the efficiency of tritium
removal via radioactive decay. In particular, sites at which
residual tritium sources are left in unsaturated zones should
include monitoring points to assess changes in the release
of tritium to the saturated aquifer due to increased surface
infiltration or rises in the ground-water table. Changes in
system hydraulics may serve as monitoring triggers for
potential MNA failure. In this instance, a contingency plan
can be implemented that incorporates engineered strate-
gies to arrest possible plume expansion beyond compliance
boundaries. Possible strategies to prevent plume expan-
sion include the installation of barriers to minimize tritium
migration from source areas and/or ground-water extraction
with surface treatment.
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Radon
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Occurrence and Distribution

Radon is a noble gas derived from the decay of uranium and
thorium radioisotopes in geologic materials. Three common
radioisotopic forms of this element include 2%2Rn (“radon”),
220Rn (“thoron”), and 2'°Rn (“actinon”). Due to very short
half-lives, 2°Rn (t,, = 55.6 sec) and 2"°Rn (t, , = 3.96 sec)
are not commonly detected in ground water. Radon (?22Rn)
is produced from radioactive decay of 22Ra and is part of the
238 decay series. Radon in ground water may be derived
from radioactive decay of mobile forms of 226Ra or due to
ejection from immobile aquifer solids as a result of alpha-
recoil from 2?Ra (e.g., Hoehn et al., 1992; Skeppstrom
and Olofsson, 2007). Radon is present in unimpacted
ground-water systems due to the presence of naturally-
occurring 238U in rocks and soils (e.g., Hair and Baldwin,
1995; Veeger and Ruderman, 1998; Hughes et al., 2005;
Campbell, 2006). Uranium concentrations in geological
materials vary greatly (Fayek and Kyser, 1999; Wiegand,
2001) and have been shown by several researchers to have
a strong correlation to ground-water radon concentrations
(e.g., Vinson et al., 2009). For example, the relationship
between granite bedrock and high radon levels has been
observed (e.g., Sasser and Watson, 1978). Elevated radon
concentrations occur near or within mines, especially ura-
nium mines and/or uranium mill tailings (e.g., Landa and
Gray, 1995; USEPA, 2008), and where radioactive waste
is disposed in the subsurface. All categories of radioactive
waste (high-level, low-level, and transuranic waste) contain
concentrated levels of parent isotopes to ??Rn (e.g., see
Figure 3.1).

Geochemistry and Attenuation Processes
Radioactive Decay

Radon is a radioactive noble gas that is colorless and
odorless. Radon has a half-life of 3.82 days and is formed
through alpha decay of 22°Ra (t, , = 1600 yr) in the 23U decay
series (Figure 3.1). During decay, 2?Rn emits a 5.0 MeV
alpha particle. The decay products of 222Rn have short half
lives and variously emit alpha particles (e.g., 6.0 MeV, 2'¢Po;
7.6 MeV 2'4Po), beta particles (e.g., 295 keV, 2'“Pb; 352 keV,
214Bj), and/or gamma radiation (e.g., 295 