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NOTICE

The following two-volume report is intended solely as guidance to EPA and other
environmental professionals. This document does not constitute rulemaking by the Agency, and
cannot be relied on to create a substantive or procedural right enforceable by any party in
litigation with the United States. EPA may take action that is at variance with the information,
policies, and procedures in this document and may change them at any time without public notice.

Reference herein to any specific commercial products, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government.



FOREWORD

Understanding the long-term behavior of contaminants in the subsurface is becoming
increasingly more important as the nation addresses groundwater contamination. Groundwater
contamination is a national concern as about 50 percent of the United States population receives
its drinking water from groundwater. It is the goal of the Environmental Protection Agency
(EPA) to prevent adverse effects to human health and the environment and to protect the
environmental integrity of the nation’s groundwater.

Once groundwater is contaminated, it is important to understand how the contaminant
moves in the subsurface environment. Proper understanding of the contaminant fate and transport
is necessary in order to characterize the risks associated with the contamination and to develop,
when necessary, emergency or remedial action plans. The parameter known as the partition (or
distribution) coefficient (K,) is one of the most important parameters used in estimating the
migration potential of contaminants present in aqueous solutions in contact with surface,
subsurface and suspended solids.

This two-volume report describes: (1) the conceptualization, measurement, and use of the
partition coefficient parameter; and (2) the geochemical agueous solution and sorbent properties
that are most important in controlling adsorption/retardation behavior of selected contaminants.
Volume | of this document focuses on providing EPA and other environmental remediation
professionals with a reasoned and documented discussion of the major issues related to the
selection and measurement of the partition coefficient for a select group of contaminants. The
selected contaminants investigated in this two-volume document include: chromium, cadmium,
cesium, lead, plutonium, radon, strontium, thorium, tritium (*H), and uranium. This two-volume
report also addresses a void that has existed on this subject in both this Agency and in the user
community.

It isimportant to note that soil scientists and geochemists knowledgeable of sorption
processes in natural environments have long known that generic or default partition coefficient
values found in the literature can result in significant errors when used to predict the absolute
impacts of contaminant migration or site-remediation options. Accordingly, one of the maor
recommendations of this report is that for site-specific calculations, partition coefficient values
measured at site-specific conditions are absolutely essential.

For those cases when the partition coefficient parameter is not or cannot be measured,
Volume Il of this document: (1) provides a“thumb-nail sketch” of the key geochemical processes
affecting the sorption of the selected contaminants; (2) provides references to related key
experimental and review articles for further reading; (3) identifies the important agueous- and
solid-phase parameters controlling the sorption of these contaminants in the subsurface
environment under oxidizing conditions; and (4) identifies, when possible, minimum and
maximum conservative partition coefficient values for each contaminant as a function of the key
geochemical processes affecting their sorption.



This publication is the result of a cooperative effort between the EPA Office of Radiation
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ABSTRACT

This two-volume report describes the conceptualization, measurement, and use of the partition (or
distribution) coefficient, K, parameter, and the geochemical aqueous solution and sorbent
properties that are most important in controlling adsorption/retardation behavior of selected
contaminants. The report is provided for technical staff from EPA and other organizations who
are responsible for prioritizing site remediation and waste management decisions. Volume |
discusses the technical issues associated with the measurement of K, valuesand itsusein
formulating the retardation factor, R;. The K, concept and methods for measurement of K, values
arediscussed in detail in Volume |. Particular attention is directed at providing an understanding
of: (1) the use of K, valuesin formulating R;, (2) the difference between the original
thermodynamic K, parameter derived from ion-exchange literature and its “empiricized” usein
contaminant transport codes, and (3) the explicit and implicit assumptions underlying the use of
the K, parameter in contaminant transport codes. A conceptual overview of chemical reaction
models and their use in addressing technical defensibility issues associated with data from K
studiesis presented. The capabilities of EPA’s geochemical reaction model MINTEQAZ2 and its
different conceptual adsorption models are also reviewed. Volume Il provides a“thumb-nail
sketch” of the key geochemical processes affecting the sorption of selected inorganic
contaminants, and a summary of K, values given in the literature for these contaminants under
oxidizing conditions. The contaminants chosen for the first phase of this project include
chromium, cadmium, cesium, lead, plutonium, radon, strontium, thorium, tritium (°*H), and
uranium. Important agqueous speciation, (co)preci pitation/dissolution, and adsorption reactions
are discussed for each contaminant. References to related key experimental and review articles
for further reading are aso listed.
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1.0 Introduction

The objective of this two volume report is to provide a reasoned and documented discussion on
the technical issues associated with the measurement of partition (or distribution) coefficient,
K2 values and their use in formulating the contaminant retardation factor, R,. Specificaly, it
describes the rate of contaminant transport relative to that of groundwater. The retardation factor
isthe empirical parameter commonly used in transport models to describe the chemical interaction
between the contaminant and geological materials (i.e., soils, sediments, and rocks). Throughout
thisreport, the term* soil” will be used as general termto refer to all unconsolidated geologic
materials.® The contaminant retardation factor includes processes such as surface adsorption,
absorption into the soil structure, precipitation, and physical filtration of colloids. Thisreport is
provided for technical staff from EPA and other organizations who are responsible for prioritizing
site remediation and waste management decisions.

Volume | contains a detailed discussion of the K concept, its use in fate and transport computer
codes, and the methods for the measurement of K, values. The focus of Chapter 2 is on providing
an understanding of (1) the use of K, vauesin formulating R;, (2) the difference between the
origina thermodynamic K, parameter derived from the ion-exchange literature and its
“empiricized” use in contaminant transport codes, and (3) the explicit and implicit assumptions
underlying the use of the K, parameter in contaminant transport codes.

The K, parameter is very important in estimating the potential for the adsorption of dissolved
contaminants in contact with soil. Astypically used in fate and contaminant transport
calculations, the K, is defined as the ratio of the contaminant concentration associated with the
solid to the contaminant concentration in the surrounding agueous solution when the system is at
equilibrium. Soil and geochemists knowledgeable of sorption processes in natural environments
have long known that generic or default K, values can result in significant error when used to
predict the absolute impacts of contaminant migration or site-remediation options. Therefore, for
site-specific calculations, K, values measured at site-specific conditions are absolutely essential.

1 Throughout this report, the term “partition coefficient” will be used to refer to the K, “linear
isotherm” sorption model. It should be noted, however, that the terms “partition coefficient” and
“distribution coefficient” are used interchangeably in the literature for the K, model.

2 A ligt of acronyms, abbreviations, symbols, and notation is given in Appendix A. A list of
definitionsis given in Appendix B

®  Theterms “sediment” and “soil” have particular meanings depending on one's technical
discipline. For example, the term “sediment” is often reserved for transported and deposited
particles derived from soil, rocks, or biological material. “Soil” is sometimes limited to referring
to the top layer of the earth’s surface, suitable for plant life. In thisreport, the term “soil” was
selected as a general term to refer to al unconsolidated geologic materials.
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To address some of this concern when using generic or default K values for screening
calculations, modelers often incorporate a degree of conservatism into their calculations by
selecting limiting or bounding conservative K, values. For example, the most conservative
estimate from an off-site risk perspective of contaminant migration through the subsurface natural
soil isto assume that the soil has little or no ability to slow (retard) contaminant movement (i.e., a
minimum bounding K, value). Consequently, the contaminant would migrate in the direction and,
for aK, value of =0, travel at the rate of water. Such an assumption may in fact be appropriate
for certain contaminants such as tritium, but may be too conservative for other contaminants, such
as thorium or plutonium, which react strongly with soils and may migrate 10° to 10° times more
dowly than the water. On the other hand, to estimate the maximum risks (and costs) associated
with on-site remediation options, the bounding K, value for a contaminant will be a maximum
value (i.e., maximize retardation).

The K, value is usually a measured parameter that is obtained from laboratory experiments.

The general methods used to measure K, values (Chapters 3 and 4) include the laboratory batch
method, in-situ batch method, laboratory flow-through (or column) method, field modeling
method, and K . method. The ancillary information needed regarding the adsorbent (soil),
solution (contaminated ground-water or process waste water), contaminant (concentration,
valence state, speciation distribution), and laboratory details (spike addition methodology, phase
separation techniques, contact times) are summarized. The advantages, disadvantages, and,
perhaps more importantly, the underlying assumptions of each method are aso presented.

A conceptual overview of geochemica modeling calculations and computer codes as they pertain
to evaluating K, values and modeling of adsorption processesis discussed in detail in Chapter 5.
The use of geochemical codesin evaluating agueous speciation, solubility, and adsorption
processes associated with contaminant fate studiesis reviewed. This approach is compared to the
traditional calculations that rely on the constant K, construct. The use of geochemical modeling
to address quality assurance and technical defensibility issues concerning available K, data and the
measurement of K, valuesis also discussed. The geochemical modeling review includes a brief
description of the EPA’s MINTEQA2 geochemical code and a summary of the types of
conceptual models it contains to quantify adsorption reactions. The status of radionuclide
thermodynamic and contaminant adsorption model databases for the MINTEQAZ2 code is aso
reviewed.

The main focus of Volumell isto: (1) provide a*“thumb-nail sketch” of the key geochemical
processes affecting the sorption of a selected set of contaminants; (2) provide references to
related key experimental and review articles for further reading; (3) identify the important
agueous- and solid-phase parameters controlling the sorption of these contaminants in the
subsurface environment under oxidizing conditions; and (4) identify, when possible, minimum and
maximum conservative K values for each contaminant as a function key geochemical processes
affecting their sorption. The contaminants chosen for the first phase of this project include
chromium, cadmium, cesium, lead, plutonium, radon, strontium, thorium, tritium (°*H), and
uranium. The selection of these contaminants by EPA and PNNL project staff was based on two

1.2



criteria. First, the contaminant had to be of high priority to the site remediation or risk assessment
activities of EPA. Second, due to budgetary constraints, a subset of the large number of
contaminants that met the first criteria were selected to represent categories of contaminants
based on their chemical behavior. The six nonexclusive categories are:

e Cations - cadmium, cesum, lead, plutonium, strontium, thorium, and uranium

e Anions- chromium(VI) (aschromate)

« Radionuclides - cesium, plutonium, radon, strontium, thorium, tritium (*H), and uranium
« Conservatively transported contaminants - tritium (3H) and radon

« Nonconservatively transported contaminants - other than tritium (3H) and radon

* Redox senditive elements - chromium, lead, plutonium, and uranium

The genera principles of geochemistry discussed in both volumes of this report can be used to
estimate the geochemical interactions of similar elements for which data are not available. For
example, contaminants present primarily in anionic form, such as Cr(V1), tend to adsorb to a
limited extent to soils. Thus, one might generalize that other anions, such as nitrate, chloride, and
U(VI)-anionic complexes, would also adsorb to a limited extent. Literature on the adsorption of
these 3 solutes show no or very little adsorption.

The concentration of contaminants in groundwater is controlled primarily by the amount of
contaminant present at the source; rate of release from the source; hydrologic factors such as
dispersion, advection, and dilution; and a number of geochemical processes including aqueous
geochemical processes, adsorption/desorption, precipitation, and diffusion. To accurately predict
contaminant transport through the subsurface, it is essential that the important geochemical
processes affecting contaminant transport be identified and, perhaps more importantly, accurately
described in a mathematically defensible manner. Dissol ution/precipitation and
adsorption/desorption are usually the most important processes affecting contaminant interaction
with soils. Dissolution/precipitation is more likely to be the key process where chemical
nonequilibium exists, such as at a point source, an area where high contaminant concentrations
exist, or where steep pH or oxidation-reduction (redox) gradients exist. Adsorption/desorption
will likely be the key process controlling inorganic contaminant migration in areas where the
naturally-present constituents are already in equilibrium and only the anthropogenic constituents
(contaminants) are out of equilibrium, such asin areas far from the point source. Diffusion flux
spreads solute via a concentration gradient (i.e., Fick’s law). Diffusion isadominant transport
mechanism when advection isinsgnificant, and is usualy a negligible transport mechanism when
water is being advected in response to various forces.
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2.0 TheK,;Mode And ItsUseln Contaminant Transport Modeling
2.1 Introduction

The concentration of contaminants in groundwater” is determined by the amount, concentration,
and nature of contaminant present at the source, rate of release from the source, and a number of
geochemical processes including agueous and sorption geochemical processes (Section 2.2) and -
diffusion (Section 2.6). Recently, attention has been directed at additional geochemical processes
that can enhance the transport of certain contaminants: colloid-facilitated transport of contam-
inants (Section 2.7) and anion exclusion (Section 2.8). These latter processes are difficult to
quantify, and the extent to which they occur has not been determined. To predict contaminant
trangport through the subsurface accurately, it is essential that the important geochemical
processes affecting the contaminant transport be identified and, perhaps more importantly,
accurately described in a mathematically defensible manner. Dissol ution/precipitation and
adsorption/desorption are considered the most important processes affecting contaminant
interaction with soils. Dissolution/precipitation is more likely to be the key process where
chemical nonequilibium exists, such as at a waste disposd facility (i.e., point source), an area
where high contaminant concentrations exist, or where steep pH or oxidation-reduction (redox)
gradients exist. Adsorption/desorption will likely be the key process controlling contaminant
migration in areas where chemical equilibrium exists, such asin areas far from the disposa
facilities or spill sites.

The smplest and most common method of estimating contaminant retardation (i.e., the inverse of
the relative transport rate of a contaminant compared to that of water) is based on partition (or
distribution) coefficient, K2 values (Section 2.3.1). Inturn, the K, value is a direct measure of
the partitioning of a contaminant between the solid and agueous phases. It is an empirical metric
that attempts to account for various chemical and physical retardation mechanisms that are
influenced by amyriad of variables. Ideally, site-specific K, values would be available for the
range of agueous and geological conditions in the system to be modeled.

Valuesfor K4 not only vary greatly between contaminants, but also vary as afunction of agueous
and solid phase chemistry (Delegard and Barney, 1983; Kaplan and Serne, 1995; Kaplan et al.,
1994c). For example, uranium K, values can vary over 6 orders of magnitude depending on the
composition of the aqueous and solid phase chemistry (see Volume Il, Appendix J). A more

! For information regarding the background concentration levels of macro and trace

constituents, including elements of regulatory-interest such as arsenic, cadmium, chromium, lead,
and mercury, in soils and groundwater systems, the reader is referred to Lindsay (1979), Hem
(1985), Sposito (1989, 1994), Langmuir (1997), and other similar sources and the references
cited therein.

2 A ligt of acronyms, abbreviations, symbols, and notation is given in Appendix A. A list of

definitionsis given in Appendix B.
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robust approach to describing the partitioning of contaminants between the aqueous and solid
phases is the parametric K, model, which varies the K, value according to the chemistry and
mineralogy of the system at the node* being modeled (Section 2.3.2). Though this approach is
more accurate, it has not been used frequently. The added complexity in solving the transport
equation with the parametric K, adsorption model and its empirical nature may be why this
technique has been used sparingly.

Inherent in the K, “linear isotherm” adsorption model is the assumption that adsorption of the
contaminant of interest is independent of its concentration in the aqueous phase. Partitioning of a
contaminant on soil can often be described using the K, modd, but typically only for low
contaminant concentrations as would exist some distance away (far field) from the source of
contamination. It is common knowledge that contaminant adsorption on soils can deviate from
the linear relationship required by the K, construct. Thisis possible for conditions as might exist
in leachates or groundwaters near waste sources where contaminant concentrations are large
enough to affect the saturation of surface adsorption sites. Non-linear isotherm models

(Section 2.3.3) are used to describe the case where sorption relationships deviate from linearity.

Mechanistic models explicitly accommodate the dependency of K, values on contaminant
concentration, competing ion concentration, variable surface charge on the absorbent, and
solution species distribution. Incorporating mechanistic or semi-mechanistic adsorption concepts
into transport models is desirable because the model s become more robust and, perhaps more
importantly from the standpoint of regulators and the public, scientifically defensible. However,
less attention will be directed to mechanistic adsorption models because the focus of this project is
on the K, model which is currently the most common method for quantifying chemical
interactions of dissolved contaminants with soils for performance assessment, risk assessment, and
remedial investigation calculations. The complexity of installing these mechanistic adsorption
models into existing computer codes used to model contaminant transport is difficult to
accomplish. Additionally, these models also require a more intense and costly data collection
effort than will likely be available to many contaminant transport modelers, license requestors, or
responsible parties. A brief description of the state of the science and references to excellent
review articles are presented (Section 2.3.4).

The purpose of this chapter isto provide a primer to modelers and site managers on the key
geochemical processes affecting contaminant transport through soils. Attention is directed at
describing how geochemical processes are accounted for in transport models by using the
partition coefficient (K,) to describe the partitioning of aqueous phase constituents to a solid
phase. Particular attention is directed at: (1) defining the application of the K, parameter,

(2) the explicit and implicit assumptions underlying its use in transport codes, and (3) the
difference between the original thermodynamic K, parameter derived from ion-exchange literature
and its “empiricized” usein formulating the retardation factors used in contaminant transport

1 A “node’ isthe center of a computation cell within agrid used to define the area or volume
being model ed.
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codes. In addition to geochemical processes, related issues pertaining to the effects of
unsaturated conditions, chemical heterogeneity, diffusion, and subsurface mobile colloids on
contaminant transport are also briefly discussed. These processes and their effects on
contaminant mobility are summarized in atable at the end of this chapter.

2.2 Aqueous Geochemical Processes

Groundwater modelers are commonly provided with the total concentration of a number of
dissolved substances in and around a contaminant plume. While total concentrations of these
constituents indicate the extent of contamination, they give little insight into the formsin which
the metals are present in the plume or their mobility and bioavailability. Contaminants can occur
in a plume as soluble-free, soluble-complexed, adsorbed, organically complexed, precipitated, or
coprecipitated species (Sposito, 1989). The geochemical processes that contribute to the
formation of these species and their potential effect on contaminant transport are discussed in this
chapter.

2.2.1 Aqueous Complexation

Sposito (1989) calculated that atypical soil solution will easily contain 100 to 200 different
soluble species, many of them involving metal cations and organic ligands. A complex issaid to
form whenever amolecular unit, such as an ion, acts as a central group to attract and form a close
association with other atoms or molecules. The agqueous species Th(OH),, (ag), (UO,),(OH)x,
and HCQO; are complexes with Th* (thorium), UO3" (hexavalent uranium), and CO3 (carbonate),
respectively, acting as the central group. The associated ions, OH" or H”, in these complexes are
termed ligands. If 2 or more bonds are formed between a single ligand and a metal cation, the
complex is termed a chelate. The complex formed between Al and citric acid
[AI(COO0),COH(CH),COOH]", in which 2 COO groups and 1 COH group of the citric acid
molecule are coordinated to Al**, is an example of achelate. If the central group and ligandsin a
complex arein direct contact, the complex is called inner-sphere. 1f one or more water molecules
is interposed between the central group and aligand, the complex is outer-sphere. If the ligands
in acomplex are water molecules [e.g., asin Ca(H,0)3], the unit is called a solvation complex or,
more frequently, a free species. Inner-sphere complexes usually are much more stable than outer-
sphere complexes, because the latter cannot easily involve ionic or covalent bonding between the
central group.

Most of the complexes likely to form in groundwater are metal-ligand complexes, which may be
either inner-sphere or outer-sphere. As an example, consider the formation of a neutral sulfate
complex with a bivaent metal cation (M?") as the central group:*

1 Unless otherwise noted, all species listed in equations in this appendix refer to aqueous
Species.
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M?" + SO; = MSO, (aq) (21)

where the metal M can be cadmium, chromium, lead, mercury, strontium, etc. The equilibrium
(or stability) constant, K, +, corresponding to Equation 2.1 is:

 _ {MSO, (aq)}
T 2+ 2 (22)
{M?}{S0;}

where quantities indicated by { } represent species activities. The equilibrium constant can
describe the distribution of a given congtituent among its possible chemical formsif complex
formation and dissociation reactions are at equilibrium. The equilibrium constant is affected by a
number of factors, including the ionic strength of the aqueous phase, presence of competing
reactions, and temperature.

The most common complexing anions present in groundwater are HCO,/CO3, CI', SO%, and
humic substances (i.e., organic materials). Some synthetic organic ligands may aso be present in
groundwater at contaminated sites. Dissolved PO; can aso be a strong inorganic complexant,
but is generally not very soluble in natural groundwaters. The relative propensity of the inorganic
ligands to form complexes with many metalsis. CO3 > SO > PO; > CI" (Stumm and Morgan,
1981). Carbonate complexation may be equally important in carbonate systems, especialy for
tetravalent metals (Kim, 1986; Rai et al., 1990). There can be alarge number of dissolved, small-
chain humic substances present in groundwater and their complexation properties with metals and
radionuclides are not well understood. Complexes with humic substances are likely to be very
important in systems containing appreciable amounts of humic substances (>1 mg/l). In shalow
aquifers, organic ligands from humic materials can be present in significant concentration and
dominate the metal chemistry (Freeze and Cherry, 1979). The chelate anion, EDTA,* whichisa
common industrial reagent, forms strong complexes with many cations, much stronger than
carbonate and humic substances (Kim, 1986). Some metal-organic ligand complexes can be fairly
stable and require low pH conditions (or high pH for some metal-organic complexes) to dissociate
the complex.

Complexation usually results in lowering the solution concentration (i.e., activity) of the central
molecule (i.e., uncomplexed free species). Possible outcomes of lowering the activity of the free
species of the metal include lowering the potential for adsorption and increasing its solubility, both
of which can enhance migration potential. On the other hand, some complexants (e.g., certain
humic acids) readily bond to soils and thus retard the migration of the complexed metals.

! EDTA isethylene diamine triacetic acid.
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2.2.2 Oxidation-Reduction (Redox) Chemistry

An oxidation-reduction (redox) reaction isachemical reaction in which electrons are transferred
completely from one species to another. The chemical species that loses electronsin this charge
transfer processis described as oxidized, and the species receiving electrons is described as
reduced. For example, in the reaction involving iron species:

FEO(OH)(s) + 3H" + e” = Fe?" + 2H,0 (2.3)

the solid phase, goethite [FeO(OH) (9)], is the oxidized species, and Fe** is the reduced species.
Equation 2.3 is areduction half-reaction in which an electron in agueous solution, denoted €,
serves as one of the reactants. This species, like the proton in aqueous solution, is understood in
aformal sense to participate in charge transfer processes. The overall redox reaction in a system
must always be the combination of 2 half-reactions, an oxidation half-reaction and reduction half-
reaction, such that the species e does not exist explicitly. For example, to represent the oxidation
of Fe?*, Equation 2.3 could be combined (or coupled) with the half-reaction involving the
oxidation of H,O:

05H,0 = 0.250,(g) + H" + e (2.4)

Combining Equation 2.3 with Equation 2.4 results in the cancellation of the aqueous electron and
the oxidation of Fe** viathe reduction of O, (g) and subsequent precipitation of hydrousiron
oxide. Thisisa possible reaction describing Fe** leaching from a reduced environment in the near
field to the oxidizing environment of the far field:

Fe?" + 1.5H,0 + 0.250,(g) = FEO(OH)(s) + 2H" (2.5)

Equation 2.5 could represent a scenario in which Fe?* is leached from a reducing environment,
where it is mobile, into an oxidized environment, where Fe** precipitates as the mineral goethite.

The electron activity is auseful conceptual device for describing the redox status of agueous sys-
tems, just as the aqueous proton activity is so useful for describing the acid-base status of soils.
Similar to pH, the propensity of a system to be oxidized can be expressed by the negative
common logarithm of the free-electron activity, pE:

pE = -log {e} . (2.6)

The range of pE in the natural environment varies between approximately 7 and 17 in the vadose
zone (Sposito, 1989). If anoxic conditions exist, say in a bog area, than the pE may get aslow as
-3. The most important chemical elements affected by redox reactions in ambient groundwater

are carbon, nitrogen, oxygen, sulfur, manganese, and iron. In contaminated groundwater, thislist
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increases to include arsenic, cobalt, chromium, iodine, molybdenum, neptunium, plutonium,
selenium, technetium, uranium, and others. Table 2.1 lists several redox-sensitive metals and the

Table2.1. List of several redox-sensitive metals and their possible valence statesin
soil/groundwater systems.

Element Valence States Element Valence States
Americium +3, +4, +5, and +6 Neptunium +3, +4, +5, and +6
Antimony +3and +5 Plutonium +2, +3, +4, +5, and +6

Arsenic +3 and +5 Ruthenium +2, +3, +4, +6, and +7
Chromium +2, +3, and +6 Selenium -2, +4, and +6

Copper +1and +2 Technetium +2, +3, +4, +5, +6, and +7

Iron +2 and +3 Thalium +1land +3
Manganese +2 and +3 Uranium +3, +4, +5, and +6
Mercury +1 and +2 Vanadium +2, +3, +4, and +5

different valence states that they may be present as in soil/groundwater systems. The speciation
of ametal in solution between its different valence states will depend on the site geochemistry,
especially with respect to pH and redox conditions. Moreover, not al of the valence states for
each metal are equally important from the standpoint of dominance in solution, adsorption
behavior, solubility, and toxicity. For those redox-sensitive elements that are part of this project’s
scope (i.e., chromium, plutonium, and uranium), these issues are discussed in detail in Volumelll
of this report.

Thereisawell defined sequence of reduction of inorganic elements (Table 2.2). When an
oxidized system is reduced, the order that oxidized species disappear are O,, NO;, Mn?*, Fe**, HS
, and H,. Asthe pE of the system drops below +11.0, enough electrons become available to
reduce O, (g) to H,O. Below apE of 5, O, (g) is not stable in pH neutral systems. Above

pE =5, O, (g) is consumed in the respiration processes of aerobic microorganisms. Asthe pE
decreases below 8, electrons become available to reduce NO; to NO;. Asthe system pE value
drops into the range of 7 to 5, electrons become plentiful enough to support the reduction of iron
and manganese in solid phases. Iron reduction does not occur until O, and NO; are depleted, but
manganese reduction can be initiated in the presence of NO;. In the case of iron and manganese,
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decreasing pE results in solid-phase dissolution, because the stable forms of Mn(1V) and Fe(l11)
are solid phases. Besides the increase in solution concentrations of iron and manganese expected
from this effect of lowered pE, a marked increase is usually observed in the aqueous phase
concentrations of metals such as cadmium, chromium, or lead, and of ligands such as H,PQO; or

Table2.2. Sequence of Principal Electron Acceptorsin neutral pH aquatic
systems (Sposito, 1989).

Reduction Half-Reactions Range of Initial pE Values
050,(g+2e¢+2H"=H,0 5.0t011.0
NO;+2€ +2H"=NO; + H,0 34t085
MnO, (s) + 2€ + 4 H* = Mn* + 2H,0 3.4t06.8
FEOOH (s) + € + 3H" = Fe** + 2 H,0 1.7t05.0
SO +8€ +9H"=HS +4H,0 0to-25
H*+e=05H,(g) -25t0-3.7
(CN,0),=n/2 CO, (g) + n/2 CH, (g) -25t0-3.7

HMo0O,, accompanying reduction of iron and manganese. The principal cause of this secondary
phenomenon is the desorption of metals and ligands that occurs when the adsorbents (i.e., mostly
iron and manganese oxides) to which they are bound become unstable and dissolve. Typically, the
metals released in this fashion, including iron and manganese, are soon readsorbed by solids that
are stable at low pE (e.g., clay minerals or organic matter) and become exchangeable surface
Species.

These surface changes have an obvious influence on the availability (migration potential) of the
chemical dementsinvolved, particularly phosphorus. If a contaminant wasinvolved in this
dissolution/ exchange set of reactions, it would be expected that the contaminants would be less
strongly associated with the solid phase.

As pE becomes negative, sulfur reduction can take place. If contaminant metals and
radionuclides, such as Cr(V1), Pu (V1), or U(VI), are present in the aqueous phase at high enough
concentrations, they can react with bisulfide (HS) to form metal sulfides that are quite insoluble.
Thus, anoxic conditions can diminish significantly the solubility of some redox-sensitive
contaminants.
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Redox chemistry may also have a direct affect on contaminant chemistry. It can directly affect the
oxidation state of several contaminants, including, arsenic, cobalt, chromium, iodine,
molybdenum, neptunium, lead, plutonium, selenium, technetium, and uranium. A changein
oxidation in turn affects the potential of some contaminants to precipitate. For example, the
reduction of Pu(1V),

Pu(lV) + e~ = Pu(lll) pE = 1.7 2.7)

makes plutonium appreciably less reactive in complexation [i.e., Pu(l11) stability constants are
much less than those of Pu(IV)] and sorption/partitioning reactions (Kim, 1986). The reduction
of U(VI) to U(l11) or U(1V), has the opposite effect, i.e., U(I11) or U(1V) form stronger
complexes and sorb more strongly to surfaces than U(V1). Reducing environments tend to make
chromium, similar to uranium, less mobile, and arsenic more mobile.

Therefore, changes in redox may increase or decrease the tendency for reconcentration of
contaminants, depending on the chemical composition of the agueous phase and the contaminant
in question. However, if the redox statusis low enough to induce sulfide formation,
reprecipitation of many metals and metal-like radionuclides can be expected. Redox-mediated
reactions are incorporated into most geochemical codes and can be modeled conceptually. The
resultant speciation distribution calculated by such a code is used to determine potential solubility
controls and adsorption potential. Many redox reactions have been found to be kinetically slow in
natural groundwater, and several elements may never reach redox equilibrium between their
various oxidation states. Thus, it is more difficult to predict with accuracy the migration potential
of redox-sensitive species.

2.2.3 Sorption

When a contaminant is associated with the solid phase, it is not known if it was adsorbed on to
the surface of a solid, absorbed into the structure of a solid, precipitated as a 3-dimensional
molecular structure on the surface of the solid, or partitioned into the organic matter (Sposito,
1989). Dissolution/ precipitation and adsorption/desorption are considered the most important
processes affecting metal and radionuclide interaction with soils and will be discussed at greater
lengths than absorption and organic matter partitioning.

Dissolution/precipitation is more likely to be the key process where chemical
nonequilibium exists, such as a a point source, an area where high contaminant
concentrations exist, or where steep pH or redox gradients exist.

Adsorption/desorption will likely be the key process controlling contaminant migration in
areas where chemical equilibrium exists, such asin areas far from the point source.
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A generic term devoid of mechanism and used to describe the partitioning of agueous phase
constituents to a solid phase is sorption. Sorption encompasses all of the above processes. Itis
frequently quantified by the partition coefficient, K, that will be discussed below (Section 2.3.1).

In many natural systems, the extent of sorption is controlled by the electrostatic surface charge of
the mineral phase. Most soils have net negative charges. These surface charges originate from
permanent and variable charges. The permanent charge results from the substitution of a lower
valence cation for a higher valence cation in the minera structure, where as the variable charge
results from the presence of surface functional groups. Permanent charge is the dominant charge
of 2:1 clays, such as biotite and montmorillonite. Permanent charge constitutes a mgority of the
charge in unweathered soils, such as exist in temperate zones in the United States, and it is not
affected by solution pH. Permanent positive charge is essentially nonexistent in natural rock and
soil systems. Variable charge is the dominant charge of aluminum, iron, and manganese oxide
solids and organic matter. Soils dominated by variable charge surfaces are primarily located in
semi-tropical regions, such as Florida, Georgia, and South Carolina, and tropical regions. The
magnitude and polarity of the net surface charge changes with a number of factors, including pH.
Asthe pH increases, the surface becomes increasingly more negatively charged. The pH where
the surface has a zero net charge is referred to as the pH of zero-point-of-charge, pH,,,.

(Table 2.3). At the pH of the mgjority of natural soils (pH 5.5 to 8.3), calcite, gibbsite, and
goethite, if present, would be expected to have some, albeit little, positive charge and therefore
Some anion sorption capacity.

Table2.3. pH of zero-point-of-charge, pH,,.. [After Stumm and
Morgan (1981) and Lehninger (1970)].

Material PH 5
Gibbsite [AI(OH)] 5.0
Hematite («-Fe,0,) 6.7
Goethite («-FeOOH) 7.8
Silica(SO,) 2
Feldspars 2t02.4
Kaolinite [AlL,Si,0,(OH),] 4.6
COOH 1.7to 2.6
NH, 9.0 to 10.4*
! These values represent the range of pK, values for amino acids.
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2.2.3.1 Adsorption

Adsorption, as discussed in this report, is the net accumulation of matter at the interface between
a solid phase and an agueous-solution phase. It differs from precipitation because it does not
include the development of a 3-dimensional molecular structure. The matter that accumulates in
2-dimensional molecular arrangements at the interface is the adsorbate. The solid surface on
which it accumulates is the adsorbent.

Adsorption on clay particle surfaces can take place via 3 mechanisms. In the first mechanism, an
inner-sphere surface complex isin direct contact with the adsorbent surface and lies within the
Stern Layer (Figure 2.1). Asarule, the relative affinity of a contaminant to sorb will increase
with its tendency to form inner-sphere surface complexes. The tendency for a cation to form an
inner-sphere complex in turn increases with increasing valence (i.e., more specificaly, ionic
potential’) of a cation (Sposito, 1984).

The second mechanism creates an outer-sphere surface complex that has at least 1 water molecule
between the cation and the adsorbent surface. If a solvated ion (i.e., an ion with water molecules
surrounding it) does not form a complex with a charged surface functional group but instead
neutralizes surface charge only in adelocalized sense, theion is said to be adsorbed in the diffuse-
ion swarm, and these ionslie in aregion caled the diffuse sublayer (Figure 2.1). The diffuse-ion
swarm and the outer-sphere surface complex mechanisms of adsorption involve exclusively ionic
bonding, whereas inner-sphere complex mechanisms are likely to involve ionic, as well as
covaent, bonding.

The mechanisms by which anions adsorb are inner-sphere surface complexation and diffuse-ion
swarm association. Outer-sphere surface complexation of anions involves coordination to a
protonated hydroxyl or amino group or to a surface metal cation (e.g., water-bridging
mechanisms) (Gu and Schulz, 1991). Almost aways, the mechanism of this coordination is
hydroxyl-ligand exchange (Sposito, 1984). In general, ligand exchange is favored at pH levels
less than the zero-point-of-charge (Table 2.3). The anions CrO3, CI', and NO;, and to lesser
extent HS, SO7, and HCO;, are considered to adsorb mainly as diffuse-ion and outer-sphere-
complex species.

! Theionic potential is the ratio of the valence to the ionic radius of an ion.
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As noted previously, the relative affinity of an absorbent for afree-metal cation will generally
increase with the tendency of a cation to form inner-sphere surface complexes, which in turn
increases with higher ionic potential of a cation (Sposito, 1989). Based on these considerations
and laboratory observations, the relative-adsorption affinity of metals has been described as
follows (Sposito, 1989):

Cs">Rb">K">Na">Li" (2.8)
Ba® > Sr?* > Ca?' > Mg? (2.9)
Hg?* > Cd?" > Zn* (2.10)
Fe3 > Fe? > Fe" (2.11)

With respect to transition metal cations, however, ionic potential is not adequate as asingle
predictor of adsorption affinity, since electron configuration plays a very important role in the
complexes of these cations. Their relative affinities tend to follow the Irving-Williams order:

Cu?" > Ni?*> Co?" > Fe? > Mn?" | (2.12)
The molecular basis for this ordering is discussed in Cotton and Wilkinson (1972).

Adsorption of dissolved contaminantsis very dependent on pH. Asnoted previoudly in the
discussion of the pH of zero-point-of-charge, pH,,. (Table 2.3), the magnitude and polarity of the
net surface charge of amineral changes with pH (Langmuir, 1997; Stumm and Morgan, 1981).
At pH,,., the net charge of a surface changes from positive to negative. Mineral surfaces become
increasingly more negatively charged as pH increases. At pH < pH,.., the surface becomes
protonated, which results in a net positive charge and favors adsorption of contaminants present
as dissolved anions. Because adsorption of anionsis coupled with arelease of OH™ ions, anion
adsorption is greatest at low pH and decreases with increasing pH. At pH > pH,,, acidic
dissociation of surface hydroxyl groups results in a net negative-charge which favors adsorption
of contaminants present as dissolved cations. Because adsorption of cationsis coupled with a
release of H* ions, cation adsorption is greatest at high pH and decreases with deceasing pH. It
should be noted that some contaminants may be present as dissolved cations or anions depending
on geochemical conditions. In soil/groundwater systems containing dissolved carbonate, U(VI)
may be present as dissolved cations (e.g., UO3") at low to near-neutral pH values or as anions
[e.g., UO,(CO,)3] at near neutral to high pH values. The adsorption of U(VI) on iron oxide
minerals (Waite et al., 1994) is essentially 0 percent at pH values less than approximately 3,
increases rapidly to 100 percent in the pH range from 5 to 8, and rapidly decreasesto O percent at
pH values greater than 9. This adsorption behavior for U(VI) (see Volume 1) isreflected in the
K, values reported in the literature for U(VI) at various pH values.
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It should also be noted that the adsorption of contaminants to soil may be totally to partially
reversible. Asthe concentration of adissolved contaminant declines in groundwater in response
to some change in geochemistry, such as pH, some of the adsorbed contaminant will be desorbed
and released to the groundwater.

2.2.3.1.1 lon Exchange

One of the most common adsorption reactions in soilsision exchange. In its most genera
meaning, an ion-exchange reaction involves the replacement of 1 ionic species on a solid phase by
another ionic species taken from an agueous solution in contact with the solid. Assuch, a
previously sorbed ion of weaker affinitiy is exchanged by the soil for an ion in agueous solution.
Most metals in agueous solution occur as charged ions and thus metal species adsorb primarily in
response to electrostatic attraction. In the cation-exchange reaction:

CaX(s) + Sr2* = SrX(s) + Ca? (2.13)

Sr** replaces Ca?* from the exchange site, X. The equilibrium constant (K ) for this exchange
reaction is defined by the equation:

_ {SX(9} {Ca*}
{CaX (9} {Sr*7}

K

ex

(2.14)

There are numerous ion-exchange models and they are described by Sposito (1984) and Stumm
and Morgan (1981). The original usage of K, often referred to as the thermodynamic K, isa
specia case of Equation 2.14. When one of the cations, such as Sr as the *Sr contaminant, is
present at trace concentrations, the amount of Ca on the exchange sites CaX(s) remains
essentially constant, as does Ca?* in solution. These two terms in Equation 2.14 can thus be
replaced by a constant and

« - {SX(9}

“ " e (2.15)

The ranges of cation exchange capacity (CEC, in milliequivaents/100 g) exhibited by severa clay
minerals are listed in Table 2.4 based on vaues tabulated in Grim (1968).

2.2.3.2 Precipitation
The precipitation reaction of dissolved speciesis a specia case of the complexation reaction in
which the complex formed by 2 or more aqueous speciesisasolid. Precipitation is particularly
important to the behavior of heavy metas (e.g., nickel and lead) in soil/groundwater systems. As
an example, consider the formation of a sulfide precipitate with a bivalent radionuclide cation
(M?):

M?2" + 2HS™ = M(HS),(s) (2.16)
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Table 2.4. Cation exchange capacities (CEC) for severa clay mineras (Grim, 1968).

Mineral - .CEC
(milliequivalents/100 g)

Chlorite 10- 40

Halloysite - 2H,0 5-10

Halloysite - 4H,0 40 - 50

lllite 10 - 40

Kaolinite 3-15

Sepiolite-Attapul gite-Palygorskite 3-15
Smectite 80 - 150
Vermiculite 100 - 150

The equilibrium constant, K, 1, corresponding to Equation 2.16 is:

{M(HS),(s)} 1
K., = = (2.17)
" {MZ} {HS}*  {M?*} {HS?}?
By convention, the activity of a pure solid phase is set equal to unity (Stumm and Morgan, 1981).
The solubility product, K, 1, corresponding to dissolution form of Equation 2.16 is thus:

Kot = {M27} {HS}?. (2.18)

Precipitation of radionuclidesis not likely to be adominant reaction in far-field (i.e., adistance
away from a point source) or non-point source plumes because the contaminant concentrations
are not likely to be high enough to push the equilibrium towards the right side of Equation 2.16.
Precipitation or coprecipitation is more likely to occur in the near field as aresult of high salt
concentrations in the leachate and large pH or pE gradients in the environment. Coprecipitation is
the simultaneous precipitation of a chemical element with other el ements by any mechanism
(Sposito, 1984). The 3 broad types of coprecipitation are inclusion, absorption, and solid solution
formation.
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Solubility-controlled models assume that a known solid is present or rapidly forms and controls
the solution concentration in the agueous phase of the constituents being released. Solubility
models are thermodynamic equilibrium models and typically do not consider the time (i.e.,
kinetics) required to dissolve or completely precipitate. When identification of the likely
controlling solid is difficult or when kinetic constraints are suspected, empirical solubility
experiments are often performed to gather data that can be used to generate an empirical
solubility release model.* A solubility limit is not a constant value in a chemically dynamic system.
That is, the solubility limit is determined by the product of the thermodynamic activities of species
that constitute the solid (see Equation 2.18). If the system chemistry changes, especialy in terms
of pH and/or redox state, then the individual species activities likely change. For example, if the
controlling solid for plutonium is the hydrous oxide Pu(OH),, the solubility product, K, (asin
Equation 2.18) is the plutonium activity multiplied by the hydroxide activity taken to the fourth
power, i.e., { Pu}{ OH}* = solubility product. The solubility product is fixed, but the value of
{Pu} and { OH} canvary. Infact, if the pH decreases 1 unit ({OH} decreases by 10), then for K,
to remain constant, { Pu} must increase by 10 all else held constant. A true solubility model
must consider the total system and does not reduce to a fixed value for the concentration of a
constituent under all conditions. Numerous constant concentration (i.e., empirical solubility)
models are used in performance assessment activities that assume a controlling solid and fix the
chemistry of all constituents to derive afixed value for the concentration of specific contaminants.
The value obtained is only valid for the specific conditions assumed.

When the front of a contaminant plume comes in contact with uncontaminated groundwater, the
system enters into nonequilibrium conditions. These conditions may result in the formation of
insoluble precipitates which are best modeled using the thermodynamic construct, K, (i.e., the
solubility product described in Equation 2.18). Precipitation is especially common in groundwater
systems where the pH sharply increases. Additionally, soluble polymeric hydroxo solids of
metallic cations tend to form as the pH increases above 5 (Morel and Hering, 1993). At pH
values greater than 10, many transition metals and transuranic hydroxide species become
increasingly more soluble. The increase in solubility results from the formation of anionic species,
such as Fe(OH);, UO,(CO,)3, or UO,(CO,);. A demonstration calculation of the solubility of
U(VI) asafunction of pH isgiven in Chapter 5. Asthe pH of the plume decreases from values
greater than 11 to ambient levels below approximately pH 8, some metal hydroxo solids, such as
NpO, (s) and Fe(OH), (s), may precipitat