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ABSTRACT OF DISSERTATION

THE PREDICTION OF CADMIUM, COPPER, LEAD, AND ZINC 

PARTITIONING IN CONTAMINATED SOILS

Determination of metal partitioning in contaminated soils can provide critical data 

in support o f environmental risk assessments This research focused on the development 

of a general modeling approach that can predict metal partitioning in a variety of soils.

A competitive modeling approach (CMA) and a non-competitive modeling 

approach (NCMA) were developed to predict the partitioning of cadmium, copper, lead, 

and zinc in contaminated soils near Leadville, CO. The modeling approaches consisted 

o f surrogate soils comprised of five specimen materials; kaolinite, illite, montmorillonite, 

iron oxide (FeOOH) and soil organic matter (SOM). Surrogate soil compositions were 

adjusted to approximate natural soils by applying a unique set of clay, FeOOH, and SOM 

weighting factors. The weighting factors were calculated from XRD and total aluminum, 

iron, and soil organic carbon (SOC) data. The Vanselow selectivity coefficient and four 

surface complexation models (Constant Capacitance Model, Generalized Two-Layer 

Model, Stockholm Humic Model, and a non-electrostatic surface complexation model) 

were applied to the surrogate soils to describe the sorption of the four metals to individual 

specimen materials.

Predicted concentrations o f exchangeable, sorbed, and complexed metals were 

compared to experimental metals data generated from the selective extraction of four
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contaminated soils. The NCMA and CMA were tested across a range o f pHs, soil 

textures, SOC levels, concentrations of soluble cadmium, copper, lead, and zinc, and total 

aluminum and iron.

Both modeling approaches were successful in estimating the experimental data 

within a range of one order of magnitude. Qualitatively, the CMA was a better predictor 

o f sorbed and complexed metals data, while the NCMA was a slightly better predictor of 

exchangeable metals data. Careful evaluation of the data used to calculate weighting 

factors is recommended since errors in weighting factor values can cause significant 

changes in predicted metal partitioning.

Compared to the high concentrations of total metals reported in these soils, low 

concentrations of soluble, exchangeable, sorbed, and complexed metals were extracted by 

the selective extraction process or predicted by the NCMA and CMA. The results 

suggest that environmental assessments based primarily on total metals data may not 

describe accurately the potential a contaminated site poses to the environment.

Geoffrey L. Upson 
Department o f Soil and Crop Sciences 

Colorado State University 
Fort Collins, CO 80523 

Spring 2005
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1.0 INTRODUCTION

Elevated concentrations of metals, rare earth elements, radionuclides, and anions 

in the environment pose a persistent and chronic risk to humans and plant and animal 

communities. Metals such as cadmium and lead, which are considered non-essential to 

plant and animal communities (Pais and Jones, Jr., 1997; Alloway, 1993), can be toxic 

even at low concentrations (Rida and Bouche, 1997; Gough et al., 1979). High 

concentrations of copper and zinc, classified as micronutrients, can interfere with 

biological functions by preventing the uptake o f other essential elements (Pais and Jones, 

Jr., 1997; Alloway, 1993; Levy, 1990). Sources of metal contamination are primarily 

anthropogenic in nature and relate to past and present mining and smelting activities, coal 

power generation, and the improper disposal of hazardous waste. In the past 60 years, 

long-term contamination of some soils and water bodies by radionuclides has resulted 

from nuclear weapons production and testing and industrial accidents associated with 

nuclear power generation.

One source o f contamination in the Rocky Mountain region is the mining and 

smelting o f metal rich ores. Over the past 150 years, significant areas o f soil and water 

have been subjected to the deposition of waste products containing high concentrations of 

metals. Cadmium, copper, lead, and zinc have migrated to adjacent soils and water 

bodies through a variety of processes such as uncontrolled acid mine drainage (AMD),

1
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wind and water erosion of abandoned mine tailings and smelter waste piles, and 

atmospheric deposition from smelter emissions.

The mining and smelting activities that led to the majority o f contamination have 

largely ceased over the past 50-100 years. However, large amounts o f waste containing 

high concentrations o f metals are still providing an on-going and continuous source of 

contamination. The U. S. Environmental Protection Agency (USEPA) estimates 

approximately 220,000 abandoned mine land (AML) sites exist in the 11 western states 

(U. S. Geological Survey, 1997). The Mineral Policy Center (Lyon et al., 1993) has 

catalogued over 550,000 AML sites in 32 states, while Trout Unlimited (Schnitzer and 

Roberts, 2004) reported 40% (approximately 25,750 km) of headwater streams in the 

western United States are impacted by AMD. In Colorado, Hartman (2004) reported in 

addition to the existence of 7,000 AML sites, approximately 2,500 km of waterways are 

receiving AMD. Due to the increased awareness of health problems associated with 

environmental contamination caused by historic and current industrial activities, the 

number of sites classified as contaminated and requiring some form of mitigation 

increases each year. Clearly, the magnitude o f this problem in the western United States 

defies any quick fix.

The U. S. Geological Survey (1997) estimates the majority of AML sites are 

located on or border federal lands administered by the U. S. forest Service, Bureau of 

Land Management, and National Park Service. The fact that the majority o f mine and 

tailings sites causing environmental problems are abandoned (i.e. the owners can not be

2
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located or the companies that operated the sites no longer exist) means the funding 

necessary to address these orphan sites comes from available federal and state funds.

Unless a particular mine, mine tailing, smelter site, or mining district is causing 

extensive environmental damage and is declared a superfund site under the 

Comprehensive Emergency Response, Compensation, and Liability Act (CERCLA) by 

USEPA (e.g. California Gulch in Leadville, CO), the funding for AML remediation must 

compete for limited federal and state funding with any number o f other current 

environmental issues.

When funding is available, a significant portion of the budget can be spent prior 

to the implementation of any remediation. Prioritization o f abandoned mines, mine 

tailings, or smelter sites according to their actual or potential impacts to the environment; 

identification of ownership; development and implementation o f appropriate sampling 

and analyses plans; identification o f justifiable and achievable cleanup criteria; and 

successful negotiation with all stakeholders as to the appropriate course o f action can 

consume a great deal of time and money. The resolution of these numerous intertwined 

and complex scientific and political issues can result in long delays and very little 

progress. As a consequence, most of the mines and smelters operated more than a 

century ago continue to adversely impact regional Rocky Mountain streams, lakes, 

forests, pasture soils, and when AMD-contaminated water is used for crop irrigation 

purposes, agricultural soils further afield.

In an effort to streamline data acquisition, reduce the amount o f data required for 

each step of the process described above, and predict the potential impacts to the

3
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environment from metals in contaminated soils and water bodies, research has been 

conducted to identify novel approaches in the areas of sampling, sample extraction and 

analyses, and the prediction o f metal partitioning.

This research program combined experimental measurements with data from the 

literature to develop a robust computer-based modeling approach capable of predicting 

cadmium, copper, lead, and zinc partitioning in contaminated soils near Leadville, CO.

4
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2.0 GOAL AND OBJECTIVES

The overall goal o f this research was to develop a robust modeling approach 

capable o f predicting cadmium, copper, lead, and zinc partitioning in metal-contaminated 

soils. The specific objectives were:

1. identify extractant solutions and analytical methods, and compare the

performance o f different extractant solutions and analytical methods in quantifying 

cadmium, copper, lead, and zinc partitioning in contaminated soils;

2. identify appropriate specimen materials to represent the clay, oxide, and organic 

fractions in the soils studied and construct a series of surrogate soils;

3. calculate cation exchange, specific sorption, and complexation constants for the

specimen materials based on metal adsorption/desorption experiments;

4. conduct an extensive literature review to obtain additional binding constants and 

surface chemistry data for use in developing the modeling approach;

5. calculate and apply a set of unique weighting factors to proportion the clay, oxide, 

and soil organic matter fractions in the surrogate soils to more closely approximate 

natural soils; and

6. compare predicted metal partitioning with metal partitioning data derived from 

selective extraction procedures.

5
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3.0 LITERATURE REVIEW

3.1 Background

Federal regulators limit concentrations of metals in the environment through 

various federal laws and regulations such as CERCLA and the Resource Conservation 

and Recovery Act (RCRA). State and county regulators can apply additional local 

environmental and solid waste regulations to address contamination issues within their 

jurisdictions. Safe concentrations of metals in soils, sediments, and water bodies are 

generally specified or derived from guidance incorporated in the various regulations. 

When safe concentrations of metals are exceeded, some form of mitigation or 

remediation may be required.

Soil criteria are generally based on total metals data because the data are obtained 

readily and easy to understand. The data represent the sum of a particular metal from all 

solid phases present in the system sampled and present the worst case scenario of 

potential contaminant levels in the system. No distinction is made between metals that 

are weakly or tightly bound to various soil components nor metals incorporated into the 

crystal structure o f clays and oxide minerals. The use o f such data does not quantify the 

true impact of the site on the environment nor predict the fate and transport o f metals in 

the system. Total metals analysis does not describe 1. the potential over time for metals 

to sorb and desorb from various solid phases such as oxides, clay minerals, or soil 

organic matter (SOM); 2. the subsequent resorption of metals to other solid phases; 3. the

6
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migration of metals through the soil profile to adjacent receptors; nor 4. the 

dissolution/precipitation of minerals containing metals. Any of these processes 

individually or in combination could significantly impact solution phase metals 

concentrations (e.g. Cd+2, Pb+2, etc.), which are considered the bioavailable fraction 

(McBride et al., 1997; Sauve, 1999).

A remediation program based on total metals data increases the potential for 

reducing concentrations o f metals to levels significantly lower than concentrations 

recommended by an environmental risk assessment based on metal partitioning (e.g. 

soluble or bioavailable metals concentrations, exchangeable metals, etc.) data. The 

collection of site-specific data that describes the partitioning and bioavailability potential 

of metals can provide the risk assessor with a more realistic picture o f the environmental 

risks posed by a contaminated system. In the case of abandoned mines and tailing sites 

and limited state and federal funds, the extra expense of remediating sites to contaminant 

levels lower than necessary results in fewer sites being successfully remediated.

Based on the need of risk assessors and regulators to reduce data requirements 

and streamline the collection of site-specific data, the study of metal partitioning in 

contaminated systems has been approached from three separate paths. First, with the 

advent of more powerful computer systems, researchers have combined large 

environmental datasets with empirical equations and mechanistic models to predict the 

partitioning and potential bioavailability of metals under a variety of conditions (Kent et 

al., 1988; Loux et al., 1989; Paulson and Balistrieri, 1999; Gustafsson, 2001). Most of 

the datasets used in available chemical equilibrium/speciation programs (e.g. ECOSAT,
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MINEQL+, Visual MINTEQ, MINTEQA2, etc.) are based on sorption experiments using 

specimen (pure) or synthetic materials for oxides (Dzombak and Morel, 1990), humic 

substances (Bunzl et al., 1976), and clays (Ziper et al., 1988). Second, other researchers 

have developed sequential extraction procedures that delineate a soil or sediment system 

into discrete subsystems representing individual soil components (Tessier et al., 1979; 

Levy, 1990). Quantifying metals concentrations associated with each solid phase 

generates an overall picture o f metal partitioning in a system and the potential impacts a 

particular site poses to the environment. A third approach has been the analyses of 

environmental datasets by linear and non-linear regression methods to identify a few key 

components of a system that allow the formulation of empirical equations for predicting a 

metal’s bioavailability potential (McBride et al., 1997; Kalbitz and Wennrich, 1998; 

Radovanovic and Koelmans, 1998; Sauve, 1999; Voegelin et al., 2001). Each o f these 

approaches has the potential of reducing the amount of physical and chemical data 

required (while generating better data) to predict the potential environmental impacts of a 

site.

Regardless of the approach, sample extraction and analytical methods that had 

been primarily associated with agricultural issues were modified for use in environmental 

studies. Thus, over the past 50 years, the focus o f these agricultural methods changed 

from measuring the excess or deficiency of macronutrients and micronutrients with 

regards to crop and animal production to measuring trace concentrations of 

macronutrients, micronutrients, and nonessential elements associated with environmental 

health or contamination issues. Development and refinement of analytical technologies,

8
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such as inductively coupled plasma-atomic emission spectroscopy (ICP-AES) and 

graphite furnace atomic absorption spectroscopy (GFAAS) systems, that were capable of 

measuring metals at concentrations in the range of low parts per billion to low parts per 

trillion became necessary to address health and environmental problems caused by trace 

concentrations o f metals.

The data generated by these modified sample extraction procedures and refined 

analytical methods have been used in conjunction with empirical equations and 

mechanistic models to describe metal sorption processes and predict metal partitioning in 

numerous media under a variety of conditions. Researchers have used these results to 

determine future impacts on the environment, identify appropriate cleanup levels, aid in 

identifying suitable remediation technology, and provide assurance that remediation has 

been accomplished.

Ultimately, the two primary goals of researchers, risk assessors, and regulators are 

to identify a streamlined process that can provide quality data from a select number of 

sample extraction and analytical methods and develop a robust, computer-based, multi­

site model that can incorporate the data and provide accurate predictions as to a 

contaminated site’s potential environmental impact.

In summary, advancements in our understanding o f metal sorption and desorption 

processes in soils and sediments have come in four distinct areas o f research; selection of 

specimen materials to mimic individual soil components, evaluation of extractant 

solutions and methodologies, development o f spectroscopic and microscopic 

technologies, and development and refinement of empirical equations and mechanistic
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predictive models. Although the four areas of research are distinct, they are also 

extensively intertwined. A thorough review of the literature indicates that over the past 

40 years, a majority of sorption experiments involving metals have incorporated the 

previous findings from one or more of these four areas of research to advance the 

understanding of metal chemistry at the solid-solution interface. The following sections 

describe the general advancement of each area o f research.

3.2 Metal Sorption Research

3.2.1 Identification and Selection of Specimen and Synthetic Materials

The two primary benefits of using specimen or synthetic (specimen) in metal 

sorption experiments are to provide a well-characterized homogeneous surface for 

sorption reactions and reduce the number of variables present in the experiment. 

Specimen materials are generally characterized by one or two classes of reactive sites 

(e.g. exchange, specific sorption, and complexation sites). Using specimen materials to 

represent specific soil components in conjunction with controlled experimental 

conditions (e.g. manipulation of pH, ionic strength, temperature, atmosphere, 

solid/solution ratio, etc.) allows the researcher to study the impact of individual variables 

on sorption processes by selectively changing one variable at a time. As a result, sorption 

reactions can be quantitatively described. Based on a review o f approximately 300 

articles involving metal sorption experiments, over 80% incorporated one or more 

specimen materials. Research into metal sorption processes did not really start until the
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1970s as evidenced by the fact that only 5 o f the approximately 240 studies incorporating 

metals and specimen materials pre-dated 1970.

The most commonly used specimen materials over the past 40 years have been 

kaolinite (KGa-1, KGa-2), illite (Silver Hill, MT; Morris, IL; and Fithian, IL), and 

montmorillonite (SWy-1, SWy-2, Camp Berteau) clay minerals, synthetic iron oxides 

(ferrihydrite, goethite, hematite), and humic substances consisting o f various types of 

peat, humic acid, and fulvic acid.

Clay Minerals

Kaolinite, a 1:1 clay, and illite, a non-expanding 2:1 clay, consist primarily of 

permanent negative charge sites located on external planar surfaces. The permanent 

negative charge is the result of isomorphic substitution in the octahedral and tetrahedral 

layers during the formation of primary and secondary clay minerals. There are also 

variable charge sites located on the broken edges o f clay particles associated with silica 

or aluminum (i.e. Si-OH and Al-OH). Variable charge sites are generally positive in low 

pH environments and negative in high pH environments. The change in charge at these 

sites is due to protonation at low pH values and deprotonation at high pH values. 

However, the majority o f the surface charge associated with these two particular clay 

minerals comes from permanent negative charge sites.

Smectites are a family of expanding 2:1 clay minerals that include the bentonites, 

chlorites, and montmorillonites and consist o f permanent and variable charge sites. In 

smectites, the variable charge sites constitute a greater fraction of the overall charge. The
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permanent negative charge sites are located on both the interlayer and exterior planar 

surfaces, while the variable charge sites are located at the broken edges o f the clay 

particle. Montmorillonites have been used extensively in metal sorption studies because 

they provide an opportunity to study both ion exchange and specific sorption processes 

on one material unlike kaolinite, illite, and the oxide minerals.

The permanent negative charge sites, described commonly as siloxane cavities, 

are roughly hexagonal consisting of six corner-sharing silica tetrahedra (Sposito, 1989). 

The amount of negative charge associated with these sites is dependent on the amount of 

substitution in the clay structure. If very little substitution has occurred as is the case for 

kaolinites and illites, the siloxane cavity will not present a strong attraction for cations in 

the surrounding solution. Cation sorption at these weaker sites involve mostly 

electrostatic forces and the formation of readily exchangeable outer-sphere surface 

complexes. If significant isomorphic substitution has occurred as is normally the case for 

smectites, the siloxane cavity will present a stronger attraction for soluble cations. Cation 

sorption at these stronger sites involves in addition to electrostatic forces, ionic and 

covalent bonding with the formation of inner-sphere complexes that are not readily 

exchangeable.

Researchers have used these three clay mineral types (sometimes in combination 

with fulvic and humic acids) to investigate ion exchange between metals and sorbed 

cations (e.g. Ca, K, Na, etc.) and specific sorption reactions between metals and protons. 

The data have been used to generate selectivity sequences or affinity orders (Farrah and 

Pickering, 1978; Hatton and Pickering, 1980; Slavek and Pickering, 1981) and calculate
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selectivity coefficients and thermodynamic equilibrium constants (Krishnamoorthy and 

Overstreet, 1950; Bittell and Miller, 1974; Stuanes, 1976; Farrah et al., 1980; Van Bladel 

et al., 1993; Helios-Rybicka et al., 1995; Auboiroux et al., 1998). Additional research 

has investigated the effects of pH, ionic strength, competing cations, sorbent/sorbate 

ratios, metals concentrations, different background electrolytes, and organic acids on the 

sorption of metal cations by clays (Bingham et al., 1964; Wold and Pickering, 1981; Puls 

et al., 1991; Arnfalk et al., 1996), the selectivity and efficiency of various extractant 

solutions to recover sorbed metals from clays (Farrah and Pickering, 1978), and the 

adsorption/desorption kinetics of metal cations (Bereket et al, 1997).

Adsorption data have been modeled using empirical adsorption isotherms such as 

the Freundlich equation (Heydemann, 1959; Helios-Rybicka, 1983; Altin et al., 1998; 

Echeverria et al., 2002), the single-site, two-site, and competitive Langmuir equations 

(Farrah et al., 1980; Morley and Gadd, 1995; Echeverria et al., 2002), the linear 

adsorption (K d) and general adsorption equations (Garcia-Miragaya et al., 1983; Puls et 

al., 1991), electrostatic surface complexation models (Stadler and Schindler, 1993; Holm 

and Zhou, 1994; Bradbury and Baeyens, 1997a,b; Barbier et al., 2000), and non­

electrostatic surface complexation models (Cowan et al., 1992; Lothenbach et al., 1997). 

Several researchers have developed multi-site models to describe metal sorption data 

associated with kaolinite and montmorillonite (Schindler et al., 1987; Zachara et al., 

1992; Auboiroux et al., 1998; Ikshan et al., 1999) by combining selectivity coefficients or 

adsorption isotherms with surface complexation models.
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Oxide Minerals

A second class of specimen materials, oxide minerals, has found widespread use 

in metal sorption studies. These minerals contain only variable charge sites which are 

generally described as SOH functional groups. The S represents a cation (e.g. Si, Al, Fe, 

Mn, etc.) that is part of the mineral’s crystal structure. Similar to variable charge sites 

present at clay mineral edges, reactive SOH groups lose H+ ions as the pH of the system 

goes from an acid to an alkaline environment (i.e. SOH2+ -> SOH -> SO'). Depending 

on the metal cation and the sorption model used to describe the sorption process, binding 

sites can be divided into two classes, low affinity and high affinity sites, and two 

configurations, monodentate and bidentate (Dzombak and Morel, 1986, 1990).

Although the majority of metal sorption studies conducted in the past 35 years 

have used some form of an iron oxide as the specimen material, some studies have used 

silica gels (Dugger et al., 1964), silica and alumina (Benyahya and Gamier, 1999), 

gibbsite or aluminum oxides and hydroxides (Kinniburgh et al., 1976; Paulson and 

Balistrieri, 1999), aluminum-coated silica (Lutzenkirchen and Behra, 1997) to describe 

surface complexation reactions and calculate thermodynamic parameters (e.g. AG, AH). 

Additional specimen materials have included manganese oxide (Matocha et al., 2002; 

Tonkin et al., 2004), zinc sulphide (Ronngren et al., 1991), iron oxide coated sand (Stahl 

and James, 1991a), and manganese oxide coated sand (Stahl and James, 1991b).

The selection of iron oxides to investigate the chemical binding of metals to oxide 

fractions was due to the fact that iron oxides are the most common oxide minerals in soils
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and sediments. Iron oxides represent a major reactive surface in the environment because 

they can exist either as fine particles or coatings on clays and other minerals.

Although sorption data generated from experiments using iron oxides have been 

described using selectivity sequences (Kinniburgh et al., 1976), selectivity coefficients 

(Zachara et al., 1993), and adsorption isotherms such as the Freundlich, Langmuir, and 

linear adsorption equations (Kinniburgh et al., 1976; Dzombak and Morel, 1986), most of 

the sorption research conducted with iron oxides has been concentrated on the 

development and refinement of surface complexation models. The models are described 

in more detail in section 3.2.4. Amorphous and crystalline iron oxides have been used in 

developing the Diffuse or Double Layer Model (Huang and Stumm, 1973; Davis and 

Leckie, 1978; Paulson and Balistrieri, 1999), the Constant Capacitance Model (Schindler 

et al., 1976; Ronngren et al., 1991), the Generalized Two-Layer Model (Dzombak and 

Morel, 1986, 1990), the Triple Layer Model (Hayes and Leckie, 1987; Jung et al., 1998; 

Robertson and Leckie, 1998), and several non-electrostatic models (Cowan et al., 1991, 

1992; Zachara et al., 1992). Additional research has investigated desorption kinetics 

(Backes et al., 1995; Glover et al., 2002), effects of time, pH, ionic strength, metals 

concentrations, and sorbent/sorbate ratios (Swallow et al., 1980; Ford et al., 1997), and 

the calculation o f thermodynamic parameters (Dugger et al., 1964).

Humic Substances

Since 1990, metal sorption studies involving humic substances (peats, humic 

acids, and fulvic acids) increased significantly due to the application of new
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spectroscopic techniques and powerful chemical equilibrium/speciation computer 

programs. Research into metal sorption processes associated with humic substances 

focused primarily on the investigation of adsorption/desorption kinetics (Bunzl et al., 

1976), calculation of distribution and selectivity coefficients (Bunzl, 1974a,b; Crist et al., 

1996; Evangelou et al., 1999), application of adsorption isotherm equations (Sanders and 

McGrath, 1988), and the effects o f pH, competing cations, ionic strength, metals 

concentrations, and humic substances concentrations on sorption processes (Kerndorff 

and Schnitzer, 1980; Davis, 1984; and Nakhone, 1997). Using Electron Spin Resonance 

(ESR) technology, McBride (1978) and Bloom and McBride (1979) determined Cu+2 and 

VO+2 formed rigid inner-sphere complexes with oxygen ligands o f reactive groups, while 

other transition metals retained their hydration spheres and were weakly bound by 

electrostatic interactions.

Research into the development of predictive humic models built upon the earlier 

development o f surface complexation models associated with oxide specimen materials 

(Huang and Stumm, 1973; Schindler et al., 1976). In the past 15 years, complex humic 

models incorporating large environmental datasets were developed for use with available 

chemical equilibrium/speciation computer programs (e.g. ECOSAT, MINTEQA2, Visual 

MINTEQ, etc.). The most common humic models are the Non-Ideal Competitive 

Adsorption-Donnan Model (Marinsky et al., 1980; Benedetti et al., 1995; Kinniburgh et 

al., 1996), Humic Ion-Binding Model V (Tipping and Hurley, 1992; Tipping, 1993) and 

Model VI (Tipping, 1998), Windermere Humic Aqueous Model (Tipping, 1994; Dwayne
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and Tipping, 1998), and the Stockholm Humic Model (Gustafsson, 2001, Gustafsson et 

al., 2003a,b). The models are described in more detail in section 3.2.4.

Limitations of Surrogate Materials

The major limitation in using specimen materials for metal sorption studies is the 

potential that the specimen materials will have significantly different surface chemistry 

attributes than the soil fractions they represent. Soil particles in the clay mineral and 

oxide fractions are more likely to be mixtures of two or more minerals or coated with 

oxide minerals or humic substances. Thus, individual soil particles will exhibit a 

heterogeneous surface rather than a homogeneous surface. Substitution within the crystal 

structure and other surface imperfections can modify the surface chemistry significantly, 

resulting in additional changes in binding capacity and types of sorption processes. As a 

consequence, the sorption of metal cations on individual soil fractions can be 

significantly different than the sorption of metals on specimen materials.

However, the use of specimen materials in laboratory sorption studies has 

provided important insights into ion exchange, specific sorption, and complexation 

reactions under a variety of controlled environments. The data generated have provided 

the foundation for conducting research into metal sorption processes in more complex 

systems.
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3.2.2 Identification and Evaluation of Extractant Solutions and Procedures

In tandem with metal sorption studies involving specimen materials was the 

identification and evaluation of extractant solutions and the development o f sequential 

and selective extraction procedures. Many of the extractants used for the recovery of 

metal cations in environmental studies were adapted from agricultural procedures. 

Determination o f the selectivity and efficiency o f various extractant solutions to recover 

metal cations from different solid surfaces or reactive sites was accomplished using 

specimen materials. The assumption was the selectivity and efficiency o f a particular 

extractant solution in a controlled surrogate system was qualitatively similar to its 

selectivity and efficiency in a complex natural system. Although the same basic 

extractants (e.g. deionized water, 0.01M Ca(N0 3 )2, etc.) were used to recover soluble and 

exchangeable metals from specimen materials and soils, the selection of extractants for 

the more tightly bound metals was based on the ability o f an extractant to recover metals 

from specific types o f sorption sites (e.g. cation exchange, specific sorption, and 

complexation sites) or soil fractions (e.g. clay minerals, oxide minerals, humic 

substances).

Deionized water (DIW) or a weak solution (i.e. 0.005M to 0.05M) consisting of 

either Ca+2 or Mg+2 with C f or NO3' as a counterion have been used to recover soluble 

metals (Levy, 1990; Sauve, 1999). The weak electrolyte solution is the extractant of 

choice due to the potential of DIW to solubilize humic substances during the extraction 

procedure and thus recover metals associated with weakly sorbed or complexed sites 

(Gerritse and van Driel, 1984; Sauve, 1999).
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Extractant solutions used in the recovery of exchangeable metals are more varied. 

Extractants in the range of 0.1M-1.0M consisting of Na+, K+, NH44", Ca+2, or Mg+2 with 

NO3', CF, SO4 ' , or CIO4 ' as a counterion have been used on a wide range of specimen 

clay minerals and in the sequential extraction o f soils (Krishnamoorthy and Overstreet, 

1950; El-Sayed et al., 1970; McBride, 1979, 1980; Tessier et al., 1979; Sposito et al., 

1981, 1983; Jarvis, 1986: Levy, 1990; Dijkstra et al., 2004). Generally, NO3' is used as 

the counterion because it complexes the least with metal cations in solution and 

minimizes interferences.

Selection o f extractants for the recovery of specifically sorbed and complexed 

metals has been more difficult. The selection of such extractants has been based on such 

considerations as electronegativity, ionic radius, and valence o f the exchanger cation, 

plus the pH, temperature, and ionic strength o f the system (Dugger et al., 1964; 

Andersson, 1977; Soon and Bates, 1982; Miller et al., 1986; Keizer and Bruggenwert, 

1991).

Other researchers have attempted to recover metals from specific soil fractions by 

using extractants such as H2O2, Na4P2 0 7 , K4P2O7, NaOCl, NaOH, or HNO3 to recover 

complexed metal cations from organic materials (Miller and McFee, 1983; Li and 

Shuman, 1996) and NH2OH-HCl, (NH4)2C20 4 , EDTA, CH3COOH, or NaOAc to recover 

exchangeable and specifically sorbed metal cations from carbonates and 

amorphous/crystalline Fe-, Mn-, Al-oxides (Miller and McFee, 1983; Levy, 1990; 

Krishnamurti et al., 1995, 1997). Metal cations were recovered from the residual soil
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fraction using some combination of strong acids like HF, HNO3 , FICIO4, HC1, or H2O2 

(Tessier et al., 1979; Li and Shuman , 1996).

Researchers have incorporated the results of extractant studies involving a single 

component to develop sequential extraction procedures for determining metal partitioning 

in complex natural systems. The procedures were based on the theory that by combining 

different extractant solutions in a particular sequence, metals could be selectively 

recovered from specific operationally defined fractions. It was assumed that the 

sequence o f the different extractant solutions would not recover metals from more than 

one fraction or prevent the recovery of metals from other fractions later in the extraction 

sequence (Stover et al., 1976; Tessier et al., 1979; Miller et al., 1986). The general 

approach has been to first extract the soil with the least aggressive extractant (e.g. DIW, 

CaCL, etc.) to recover the soluble and exchangeable fractions and then proceed to 

successively harsher extractants (i.e. acids and bases) to recover the tightly bound oxide 

and organic complexes or occluded fractions (Miller et al., 1986). Although all 

extraction procedures recover soluble and exchangeable metals, the real variation in the 

different sequences is the recovery o f metals from the different oxide and organic 

fractions present in soils.

From the 1950s to the 1970s, experiments incorporating some form of sequential 

extraction procedures studied primarily the partitioning of macronutrients and 

micronutrients (e.g. Cu, Zn) in soils at native or background concentrations (Le Riche 

and Weir, 1963; McLaren and Crawford, 1973a,b; Shuman, 1979; Tessier et al., 1979) 

Beginning in the mid-1970s, a number of sequential extraction procedures were
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developed for the recovery of trace metals from soils and sediments amended with 

sewage sludge (Stover et al., 1976), soil amendments (Li and Shuman, 1996), fertilizers 

(Gray et al., 1999; Krishnamurti et al., 1997), or impacted by aerial depositions from 

smelters (Hickey and Kittrick, 1984) and mining activities (Levy, 1990). Most studies 

delineated the system into four or five fractions consisting of Fe-oxide, organic matter, 

and sand, silt, and clay mineral fractions (Le Riche and Weir, 1963; Shuman, 1979); 

sorbed, organic, carbonate, and sulfide fractions (Stover et al., 1976; Sposito et al., 1982); 

carbonate, Fe- and Mn-oxide, organic, and residual fractions (Tessier et al., 1979); 

organic and oxide/carbonate fractions (Soon and Bates, 1982); amorphous Fe-oxide, 

crystalline Fe-oxide and organic matter fractions (Kuo et al., 1983); crystalline Fe-oxide 

occluded, sulfide, and residual fractions (Miller and McFee, 1983); organic, clay, Fe- and 

Mn-oxide fractions, and fixed irreversibly (Fic and Isenbeck-Schroter, 1989); and organic 

and Fe- and Mn-oxide fractions, and total metals (Levy, 1990).

Later studies of metal contaminated soils delineated the soil into seven or more 

fractions based on an ever increasing complex suite of extractants or extraction steps. 

Miller et al. (1986) and Li and Shuman (1996) delineated the soil into specifically sorbed, 

organically bound, Mn-oxide occluded, amorphous Fe-oxide occluded, crystalline Fe- 

oxide occluded, and acid soluble or residual fractions. Krishnamurti et al. (1997) 

fractionated Saskatchewan agricultural soils into carbonate bound, metal-organic 

complex bound, easily reducible metal-oxide bound, organic bound, amorphous mineral 

colloid bound, crystalline Fe-oxide bound, and residual fractions.
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Limitations of Extractant Solutions and Sequential Extraction Procedures

The major questions associated with the use of selective extractant solutions and 

sequential extraction procedures on complex systems are 1 . what percentage of metal 

cations sorbed onto a specific soil component are recovered, and 2 . are the metals 

recovered only from the targeted component or several components. The efficiency of an 

extractant solution is generally unknown since the overall sum of metals recovered from 

the individual components is usually less than the total metals concentration reported. 

The potential of metals from one or more soil components to desorb and resorb onto 

different soil components including the targeted component during the extraction 

procedure has not been quantified. Although conclusions about metal partitioning in 

soils based solely on the results of selective extractants and sequential extraction 

procedures is probably not warranted, advancements in this area o f research in 

conjunction with specimen materials research and the development o f spectroscopic 

methods have provided critical data in describing the locations o f sorbed metals in 

complex systems and the possible sorption reactions involved.

3.2.3 Development and Application of Spectroscopic and Microscopic Techniques

The development of spectroscopic and microscopic techniques over the past 35 

years has provided critical support in the understanding of metal sorption on solid 

surfaces at the solid-solution interface and the subsequent development of surface 

complexation models. Although X-ray diffraction (XRD) has been the primary technique 

used in the analysis of clay mineral structures for the past 75 years (Moore and Reynolds,
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1997), it wasn’t until the late 1960s and early 1970s that XRD analysis was used in 

conjunction with other spectroscopic techniques such as infrared (IR), electron spin 

resonance (ESR), and electron paramagnetic resonance (EPR) spectroscopies to aid in 

identifying the structures and locations of sorbed metals.

One of the earliest studies reviewed was Hildebrand and Blum (1974), who 

were able to discriminate the locations of lead complexes on kaolinite, illite, and 

montmorillonite based on shifts in XRD peaks and IR spectra. Clementz et al. (1973) 

and McBride and Mortland (1974) combined XRD and ESR techniques to study copper 

and manganese sorption on montmorillonite, while McBride (1976) used the same 

techniques to determine the sorption o f Cu+2 as Cu(H2 0 )4+2 at acidic pHs was on the 

exterior planar surface of kaolinite and not at proton saturated edge sites.

Beginning in the early 1990s, research into the sorption o f metals on solid 

surfaces in natural complex systems experienced a significant increase due to the 

development of more sophisticated spectroscopic and microscopic techniques. 

Technologies such as atomic force microscopy (AFM), transmission electron microscopy 

(TEM), scanning electron microscopy (SEM), Fourier transform-infrared (FT-IR) 

spectroscopy, X-ray absorption spectroscopy (XAS) and its derivatives X-ray absorption 

fine structure (XAFS), extended X-ray absorption fine structure (EXAFS), X-ray 

absorption near-edge structure (XANES), and reflection X-ray absorption fine structure 

spectroscopy (REFLEXAFS); electron microprobe (EM), electron probe microanalysis 

(EPMA), X-ray microfluorescence (uXRF), X-ray microdiffraction (uXRD), and 

secondary ion mass spectrometry (SIMS) have resulted in the discrimination of solid
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surfaces at sub-micron dimensions and the enhanced description of sorbed metal 

structures based on detailed images.

Tingle et al. (1993) used XRF, XPS, and surface analysis by laser ionization in 

conjunction with nonresonant photoionization and time-of-flight spectroscopy to 

conclude the majority o f lead in mine tailings and soils from the Leadville, CO area were 

as coatings and films. O ’Day et al. (1998) used XAS, XAFS, SEM, and XANES along 

with XRD, EM, and SIMS analysis to obtain detailed images o f cadmium, lead, and zinc 

complexes on and in particles of contaminated sediments. Ostergren et al. (1999) 

quantified lead partitioning in Leadville, CO mine tailings and soils and Arkansas River 

sediments using XAFS and EPMA.

Strawn and Sparks (1999) used XAFS and XANES to describe the conditions 

necessary for inner-sphere and outer-sphere complexation of lead on specimen 

montmorillonite, while Gier and Johns (2000) used XPS to study the adsorption and 

structure o f cesium, barium, copper, lead, and zinc on the outer and interlayer surfaces of 

well-characterized micas and illites. Using EPR, Hyun et al. (2000) showed copper 

exhibited a free tumbling motion at acidic pHs indicative of non-sorbed or ion-exchanged 

cations, while at higher pHs, free tumbling motion decreased indicating the formation of 

a more rigid structure associated with surface complexation.

Otto et al. (2001 a,b) used NMR to show that cadmium bound to oxygen 

containing functional groups on fulvic acid exhibited a rapid exchange between free and 

complexed cadmium species.
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Morton et al. (2003) used XAS technology to show that copper sorbed to 

permanent charge sites (i.e. cation exchange) were outer-sphere complexes, while those 

sorbed to edge sites (i.e. specific sorption) were a mixture of monodentate and bidentate 

inner-sphere complexes. Manceau et al. (2003) used uXRF, uXRD, and EXAFS to 

delineate the structure of manganese and zinc complexes on and in ferromanganese 

nodules found in loess soils of the Mississippi Basin. Based on EXAFS, Sarrett et al. 

(2004) concluded the partitioning of sorbed zinc in the organic horizon of a contaminated 

soil was 45% zinc-organic matter complexes, 20% outer-sphere zinc complexes, 10% 

zinc-phosphates, and 1 0 % zinc-iron oxides.

Limitations of Spectroscopic and Microscopic Techniques

The major limitations of this technology are the sample size required and changes 

in the surface of the sample during sample preparation and analyses. The amount of 

sample required for spectroscopic and microscopic analyses is extremely small and the 

question becomes one of whether the sample analyzed accurately represents the system 

being studied. The solid surface of the sample is exposed to high vacuums, application of 

various coatings, and bombardment by high energy rays. The combined effect o f these 

changes can alter the structure of the surface and existing surface complexes.

Although, the adverse impact of these two issues on the data is unclear, the 

development and increase in sophistication of spectroscopic and microscopic 

technologies over the past 25 years has allowed scientists to analyze at an ever increasing 

spatial resolution the in-situ, heavy metal sorption processes on a variety of surfaces
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under a range of conditions. Application of TEM and EM techniques have provided 

images of solid surfaces at the sub-micron scale and data on the distribution of elements 

on those surfaces. The data obtained from the application o f these technologies on a 

variety o f materials have confirmed or refined previously developed theories regarding 

sorption locations and types of surface complexes formed. Soils and sediments rather 

than individual specimen or synthetic materials can be analyzed directly.

3.2.4 Development and Application of Empirical and Mechanistic Models

Empirical equations (i.e. linear and non-linear regression equations, selectivity 

coefficients, adsorption isotherms, etc.) and mechanistic models (i.e. surface 

complexation models) have been used to describe experimental data from a large number 

o f metal sorption studies. The studies have investigated ion exchange and sorption 

reactions on a variety of inorganic and organic surrogate materials, soils, and sediments.

Basically, empirical equations or models are mathematical descriptions of the 

experimental data. Most empirical approaches require less than three or four adjustable 

parameters to characterize the experimental data. Surface complexation models (SCMs) 

describe data obtained from complex multi-component systems and can be used for the 

prediction o f metal partitioning or the characterization of other datasets (Dzombak and 

Morel, 1990). One class of SCMs incorporates the electrostatic effects o f surface 

complexation reactions, while a second class of SCMs, described as non-electrostatic 

models (NEM), assume the electrostatic effects of surface complexation reactions have 

little impact on the overall system and can be ignored. Both classes o f SCMs incorporate
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multiple reactive surface functional groups to describe surface complexation reactions at 

the solid-solution interface.

Ion exchange reactions are generally described as reactions involving the 

exchange of a cation or anion on a charged surface with a similarly charged ion in the 

surrounding solution. Ion exchange reactions, which involve only electrostatic forces, are 

diffusion-controlled, rapid, reversible, and stoichiometric reactions (Sparks, 1995).

Sorption reactions involve the interaction of a surface functional group with an 

ion or molecule in the surrounding solution that results in a stable surface complex. 

Sposito (1989) described a surface functional group as “ a chemically reactive molecular 

unit bound into the structure of a solid at its periphery such that the reactive components 

of the unit can be bathed by a fluid”. Inorganic surface functional groups are located 

primarily at sites associated with clay edges (i.e. Al-OH, Si-OH) and metal oxides/ 

hydroxides (i.e. FeOOH, MnO, etc.). Carboxyl, carbonyl, and phenolic are the primary 

organic functional groups. To some degree, the charge associated with surface functional 

groups are pH dependent and as such become more negative via deprotonation (i.e. Si-O', 

Fe-O', etc.) at high pHs or more positive by protonation (Si-OH2+, Fe-OH2+, etc.) at low 

pHs.

Metal complexes can be bound to the surface in either a monodentate or bidentate 

configuration and as inner-sphere or outer-sphere surface complexes (Sposito, 1989; 

Dzombak and Morel, 1990; Sparks, 1995). The outer-sphere metal complex retains its 

hydration sphere between the solid surface and the electrostatically bound cation, while 

the inner-sphere metal complex contains no hydration sphere and is bound strongly to the
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solid surface by covalent or ionic bonding (Sposito, 1989). The outer-sphere complex is 

considered weakly bound compared to the inner-sphere complex and the sorption 

reaction is rapid, reversible, and affected by the ionic strength of the surrounding aqueous 

solution (Sparks, 1995). In contrast, the inner-sphere surface complexation process is 

slow, partly reversible, and not affected by the ionic strength of the surrounding solution 

(Sparks, 1995). The outer-sphere surface complexation process is analogous to ion 

exchange reactions in that electrostatic forces are involved and the reactions are rapid and 

reversible.

Empirical Equations

Selectivity Coefficients

Selectivity coefficients, which are used primarily to describe ion exchange 

reactions in soils and specimen materials, were developed in the late 1920s, early 1930s, 

and 1950s. The Kerr, Vanselow, Gapon, Krishnamoorthy and Overstreet, and Gaines and 

Thomas equations were proposed in 1928, 1932, 1933, 1949, and 1953, respectively 

(Sparks, 1995). The Kerr, Gapon, and Krishnamoorthy and Overstreet equations describe 

the solid and solution phases in concentration terms. However, the differences in the 

three equations are related to the concentration units used in the equations and the 

description o f heterovalent ion exchange. Kerr used molar concentrations to describe the 

solid-solution system, while Gapon and Krishnamoorthy and Overstreet used equivalent 

concentrations (Sparks, 1995). Krishnamoorthy and Overstreet also added a factor to
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compensate for differences in the valence of the exchanging ions (Sparks, 1995). The 

Vanselow and Gaines-Thomas equations describe the system using activities (Sparks, 

1995), but the two equations differ in their treatment of the solid exchanger phase. For 

exchanges involving similarly charged cations, all selectivity equations reduce to the Kerr 

equation (Sparks, 1995).

Although there are numerous variants o f these selectivity coefficient equations 

available, the most commonly used equations in environmental soil chemistry have been 

the Vanselow, Kerr, and Gapon equations. Krishnamoorthy and Overstreet (1950)

compared the ability o f the Kerr, Gapon, Vanselow, and Guggenheim equations to

+2 +2describe Cu and Pb exchange on bentonite, while Bittell and Miller (1974) used the 

basic Kerr equation to study divalent metal cation exchange on kaolinite, montmorillonite 

and illite. The Vanselow equation has been applied to clays (Sposito and Mattigod, 1979; 

Schindler et al., 1987; Auboiroux et al., 1998) and soils (Zachara et al., 1992, 1993). The 

Gapon is used primarily in agriculture related to saline-sodic issues and the exchange of 

macronutrients.

Adsorption Isotherm Equations

Adsorption isotherm equations have been used to describe the adsorption of metal 

cations to a variety o f specimen materials and soils. The most commonly used adsorption 

isotherm equations are the Langmuir, Freundlich, and linear adsorption isotherm. The
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popularity of these equations is due primarily to the ease of fitting data and quantifying 

parameters.

A review of the literature indicates the Freundlich (Helios-Rybicka, 1983; 

Buchter et al., 1989; Jopony and Young, 1994; Elzinga et al., 1999) and linear adsorption 

equations (Gerritse and Van Driel, 1984; Merrington and Alloway, 1994; Gomes et al., 

2001; Sauve et al., 2003) are applied more frequently than the Langmuir equation (Harter 

and Baker, 1977; Selim et al., 1992; Basta et al., 1993; Altin et al., 1998; Shukla et al.,

1998) in adsorption studies involving soils. The Langmuir equation is used more in 

adsorption studies involving specimen materials (Farrah et al., 1980; Sanders and 

McGrath, 1988; Ikshan et al., 1999; Shukla, 2000). The Langmuir equation is more 

limited in its application than the Freundlich or linear adsorption equations due to the 

assumptions used to develop the Langmuir equation. Basically, those assumptions 

include 1 . reactive sites, which are located only on planar surfaces, are limited, identical, 

and sorb one ion or molecule; 2 . the energy o f adsorption, which is the same for all sites, 

is independent of the extent of surface coverage; 3. the sorbed ions or molecules are 

treated as point charges and there is no interaction between adjacent sorption sites; and 4. 

the maximum adsorption capacity is achieved when all surface sites are occupied, which 

translates into a monolayer of sorbed ions or molecules (Dzombak and Morel, 1990; 

Sparks, 1995).

The general good fit of sorption data achieved with the Freundlich equation is a 

combination of function robustness and the insensitivity of the log -  log plots commonly 

used to plot experimental data. Because the Freundlich equation allows multiple layers
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of adsorption, there is no maximum adsorption capacity. Thus, at high solute 

concentrations, the Freundlich equation will continue to describe adsorption processes 

when surface precipitation is a more distinct possibility (Dzombak and Morel, 1990). 

However, the Freundlich equation is used frequently to describe pesticide or metals 

behavior in soils because the concentrations of pesticides and metals are generally low 

and the subsequent loading of solid surfaces is below the point where surface 

precipitation would be expected (Sparks, 1995).

The linear adsorption equation is restricted to a narrow range o f low solute 

concentrations due to the assumption that the adsorption of ions or molecules is a linear 

response phenomenon. At high solute concentrations, adsorption has been shown to be 

non-linear (Davis and Kent, 1990; Dzombak and Morel, 1990; Sparks, 1995; Stumm and 

Morgan, 1996).

One additional adsorption isotherm equation is the Brunauer-Emmett-Teller 

(BET) equation proposed by Brunauer et al. (1938). The BET equation, which assumed 

adsorption could occur in multiple layers (contrary to the Langmuir equation), is not used 

in metal sorption studies other than to determine the surface area o f solids via nitrogen 

gas adsorption measurements.

Linear/Non-Linear Regression Equations

A third class of empirical equations used in fate and transport metal studies is the 

linear/non-linear regression equation, which is used to quantify concentrations o f free
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cations (e.g. M+2) in the soil solution. The development of this class of equations has 

been the result of studies investigating the bioavailability and phytoavailability o f metals 

in soils. Based on correlation analysis o f large environmental datasets, linear/non-linear 

regression equations were developed to predict free metal cation concentrations in a wide 

range o f soil types and environments (McBride et al., 1997; Sauve, 1999; Sauve et al., 

1997, 1998a,b,c, 2000a,b; Wu et al., 2000; Lofts et al., 2004). Generally, the only data 

contained in these equations are pH, concentrations of total metals, and soil organic 

matter. However, this class of equations is limited to the prediction of free metal cation 

concentrations in the soil solution and not metal partitioning in natural soils.

Surface Complexation Models (SCMs)

The application of SCMs to the prediction of metal partitioning in natural soils 

has been limited by the complexity of the soil environment, the availability o f surface 

chemistry and environmental data, and the inherent limitations o f existing models to 

extrapolate data from sorption studies involving simple, single-component systems to the 

more complex natural systems. However, a great deal of research has been conducted in 

the past 20 years in the area of SCM development and its application to complex multi- 

component systems.

All SCMs are based on electric double-layer (EDL) theory first proposed by Gouy 

and Chapman in 1910 and 1913, respectively. Simply stated, Gouy and Chapman 

derived an equation for describing the distribution of ionic species at a charged solid- 

solution interface. The two layers envisioned in EDL theory consist o f an infinite plane
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of charge surrounded by a diffuse layer o f countercharge or the combination o f a compact 

layer o f bound countercharge and a diffuse layer of additional countercharge (Sparks, 

1995). Because Gouy and Chapman treated the countercharges in the diffuse and bound 

layers as points of charge instead of considering ionic diameters, at high potential values 

and thin diffuse layer thickness the concentration o f charged species at the surface 

became unrealistically high (Dzombak and Morel, 1986, 1990).

In 1924, Stern modified the EDL by dividing the solid-solution interface into two 

planes of charge and taking into account the ionic radius of the counterions. These two 

modifications limited the concentration o f sorbed ions at each plane. The first layer, 

called the Stern layer, was the location of a finite number of adsorbed H+ and OH", and 

other specifically adsorbed ions (i.e. inner-sphere surface complexes)(Sparks, 1995). The 

second plane, called the diffuse layer, was the location of non-specifically bound (i.e. 

outer-sphere) complexes and disassociated charged solutes. In 1947, Grahame expanded 

the Stern layer into two planes, the inner Helmholtz plane where inner-sphere surface 

complexes were located and the outer Helmholtz plane where outer-sphere surface 

complexes were located (Sparks, 1995). Grahame included also an electrostatic 

correction factor for describing the relationship of surface charge and electric potential 

associated with the adsorption of ions and molecules at specific sorption sites (Sparks,

1995). Stern and Grahame’s refinements to EDL theory formed the basis for surface 

complexation theory and led to its application in the area of colloid chemistry and the 

subsequent development o f electrostatic SCMs (Dzombak and Morel, 1990; Stumm and 

Morgan, 1996).
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All electrostatic SCMs are based on the following parameters: 1. sorption 

reactions occur at specific surface sites; 2 . sorption reactions are described by mass law 

and material balance equations; 3. surface charge is the result o f surface complexation 

reactions; and 4. the effect o f surface charge on the extent of surface complexation is 

addressed by applying a electrostatic (coulombic) correction factor to the mass law 

constants (Dzombak and Morel, 1990).

A second type of SCM, which predated development of electrostatic SCMs, was 

the non-electrostatic SCM (NSCM). The NSCMs were first proposed in the 1950s and 

1960s by Kurbatov (1951), Ahrland (1961), Stanton and Maatman (1963) (Dzombak and 

Morel, 1990), and Dugger et al. (1964) who concluded chemical interactions involved in 

surface complexation reactions were much stronger than electrostatic interactions and as 

a consequence, the coulombic correction factor could be excluded from mass law 

equations. Cowan et al (1991, 1992) developed a NSCM for predicting the sorption of 

Cd+2 to specimen and soil silicates, while Van Benschoten et al. (1998) developed a 

NSCM for predicting metal desorption during remediation of heavily contaminated soils.

The majority of all SCM research conducted to date has involved specimen 

materials that contain specific sorption sites (i.e. Fe-, Mn-, A1-, Ti-, Si-oxides and humic 

materials, etc.). The most common electrostatic SCMs used currently in metal sorption 

studies are the Constant Capacitance Model (CCM), Diffuse or Double Layer Model 

(DLM), Generalized Two-Layer Model (GTLM), Triple Layer Model (TLM), Non-Ideal 

Competitive Adsorption (NICA)-Donnan Model, Humic-Ion Binding Model V/VI, 

Stockholm Humic Model (SHM), and the Windermere Humic Aqueous Model (WHAM).
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The CCM, DLM, GTLM, and TLM are used with clays and oxides, while the NICA- 

Donnan, Model V/VI, SHM, and WHAM are used primarily with humic materials. The 

differences between the various SCMs used with clay and oxide minerals are the 

delineation of planes of charge and the location of inner-sphere and outer-sphere surface 

complexes at the solid-solution interface.

SCMs -  Oxide Minerals

Provided in this section are descriptions of critical components and assumptions 

incorporated into the two SCMs (i.e., CCM and GTLM) used in this research program for 

clay and oxide surfaces.

Constant Capacitance Model

The CCM was proposed by Schindler, Stumm, and their co-workers (Goldberg, 

1995 and references quoted therein) in the mid-1970s to describe adsorption reactions at 

oxide-solution interfaces. In developing this SCM, the researchers assumed: 1. all 

surface complexes [i.e. H+, OH', metal (Mm+) and non-metal (Cc+) cations, and anions 

(Aa’)j were inner-sphere complexes; 2. no surface complexes were formed with ions from 

the background electrolyte; 3. one plane of charge represented the solid surface and was 

the location of all inner-sphere complexes; and 4. there was a linear relationship between 

surface charge density and surface potential (i.e. parallel plate capacitor configuration) 

(Davis and Kent, 1990; Dzombak and Morel, 1990; Stumm and Morgan, 1996) described 

by the equation
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a 0 = (CSa /F) Vo (1)

where C is capacitance density (F m'2), S is the surface area (m2 g '1), a is the suspension 

density (g L '1), F is the Faraday constant (C mole'1), a  has units o f molc L '1, and \\i0 has 

units o f volts (V) (Goldberg, 1995). Amphoteric surface hydroxyl groups (i.e. S-OH) 

form all ionized surface sorption sites (i.e. SOH2+ and SO') and monodentate and 

bidentate surface complexes (e.g. SO-M+, (SO)2-M) are allowed. The most appropriate 

application of the CCM is in strong ionic strength systems (i.e. high solute/sorbent ratio).

Diffuse Double Layer/ Generalized Two-Layer Model

The diffuse double layer (DDL) model was proposed by Stumm and co-workers 

(Goldberg, 1995 and references quoted therein) in the mid-1970s to describe adsorption 

processes at oxide-solution interfaces. The DDL was modified by Dzombak and Morel 

(1990), who included a multi-site model proposed by Benjamin and Leckie (1981) and a 

surface precipitation model proposed by Farley et al. (1985). The modified model, 

known as the Generalized Two-Layer Model (GTLM), described adsorption reactions at 

the hydrous ferric oxide (HFO)-solution interface.

Application of the DDL is limited to low ionic strength systems, while the GTLM 

can operate in any ionic strength system. The ability of the GTLM to function in a range 

o f ionic environments was due to the inclusion of two types o f sorption sites; a large 

population of low affinity sites and a small population of high affinity sites. The 

inclusion of these two types of sorption sites in the GTLM allowed the description of
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adsorption and surface precipitation of cations and anions at medium to high solute 

concentrations (Dzombak and Morel, 1990). However, the GTLM is limited to 

monodentate surface complexes, while the DDL can describe both monodentate and 

bidentate surface complexes.

In the GTLM, the first plane of charge at the surface (i.e. a 0) is the location of all 

inner-sphere surface complexes (e.g. H+, OH', Mm+, A3'), while the second plane of 

charge (i.e. a<i) represents the closest distance of approach for all counterions in the 

diffuse layer (Davis and Kent, 1990; Dzombak and Morel, 1990; Stumm and Morgan,

1996). Although the two planes of charge are equal (i.e. cr0 = <Ti), there is a non-linear 

relationship between the surface charge of the second plane and the surface potential of 

the diffuse layer described by the equation

CTd = -Sa / F (8s0DRTI)1/2 sinh(Fyd / 2RT) (2)

where s0 is the permittivity of vacuum, D is the dielectric constant o f water, I is the ionic 

strength, sgnvgd = 1  if igd > 0 and sgn vpd = -1 if vgd < 0 (d represents the diffuse plane), 

and Cj and z, are the concentration and charge o f solution species i (Davis and Kent, 1990; 

Stumm and Morgan, 1996).

SCMs -  Humic Models

The development of SCMs for describing the exchange and complexation of 

metals with humic substances (HS) paralleled development of SCMs associated with
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oxide minerals. The parallel development of SCMs was due to the recognition that HS 

had potentially the largest impact on the fate and transport o f metals in soils, sediments, 

and water systems and contained variable charge sorption sites (i.e. carboxylic and 

phenolic groups) similar to those located on clays and oxide minerals.

The development of several humic models in the past 20 years was based on the 

number, distribution, and strengths (i.e. pKas) of carboxylic and phenolic functional 

groups associated with different HS (Gustafsson, 2001). Models such as the NICA- 

Donnan and the Gaussian DOM used a continuous distribution of pKa values to describe 

the acid-base and metal complexation properties of various HS, while Model V, Model 

VI, WHAM, and SHM used a discrete-site pKa value distribution system. Some models 

used an impermeable sphere geometry to describe the HS structure, while other models 

used a permeable sphere-like gel structure (Gustafsson, 2001).

The impermeable sphere structure, which assumed an interface environment 

similar to oxide minerals, corrected for ion binding electrostatics using empirical 

equations relating charge and potential (Tipping and Hurley, 1992), a SCM such as the 

DLM, or the Basic Stem Model (BSM) (Gustafsson, 2001). In permeable gel-like 

systems (e.g. SHM), charge associated with interior and exterior gel surfaces were 

neutralized by the inclusion of charge screening counterions (Gustafsson, 2001). The 

SHM was selected to model metal partitioning on humic materials in this research 

program and is described in the following section.
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Stockholm Humic Model

The SHM was developed by Gustafsson in the late 1990s to describe the 

exchange and complexation of metals and protons with dissolved, suspended, and solid 

phase humic and fulvic acids (Gustafsson, 2001, 2004; Gustafsson et al., 2003a,b). The 

SHM was based on Models V/VI and WHAM (Tipping, 1994, 1998; Benedetti et al., 

1995). The acid-base properties o f humic and fulvic acids, which are assumed to have a 

permeable gel-like structure, are described by a discrete-site pKa distribution (Gustafsson, 

2003a).

The SHM, which has undergone continuous modification over the past five years, 

can describe the exchange and complexation of inorganic and organic compounds in solid 

and liquid systems containing dissolved and solid phase fulvic and humic acids. Generic 

surface chemistry data, binding constants, and other humic chemistry data have been 

acquired from a number of large environmental soil and water datasets. The datasets 

were generated from studies investigating the transport and fate o f metals in humic rich 

environments. The SHM, which is an integral part of the Visual MINTEQ chemical 

speciation/equilibrium software program was developed by Gustafsson. The freeware 

Windows program is based on USEPA’s MINTEQA2 chemical speciation/equilibrium 

program.

Limitations of Empirical Equations and Models

The application of an empirical equation or SCM to data generated from metal 

sorption studies includes the assumptions that the system being studied is at equilibrium
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and hysteresis or sorption irreversibility is not present in the system. Determination of 

system equilibrium is fairly straightforward and basically requires the monitoring of 

metals and exchange cation concentrations. Whether the study is an ion exchange or 

adsorption experiment, the point where the concentrations of metals and cations in 

solution do not change any further generally indicates system equilibrium. The amount 

of time required to achieve equilibrium will depend significantly on the material being 

studied and other system conditions.

Hysteresis is more difficult to quantify due to the fact that most studies conducted 

over the past 50 years have studied only the sorption of metals on specimen materials, 

soils, and sediments and not the desorption process. The assumption has been the 

desorption reaction is the exact opposite o f the sorption reaction. However, hysteresis 

has been well documented in several adsorption/desorption studies involving clays 

(Farrah and Pickering, 1978; Sposito and Mattigod, 1979; Verburg and Baveye, 1994), 

iron oxide (Ford et al., 1997), and soils and sediments (McLaren et al., 1983; Nakhone, 

1997; Gao et al., 2003). Researchers have concluded some cases of hysteresis were the 

result o f experimental conditions such as sorbent type, non-attainment o f system 

equilibrium, and physical, chemical and microbiological transformations that inhibited 

the desorption process during the experiment. As a consequence, the adsorption isotherm 

equations and SCMs discussed above have not been validated for predicting the 

desorption of metals from specimen materials and soils.

The application o f one empirical equation or SCM to a large number o f varied 

systems has been inhibited by the development of empirical equations and SCMs
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containing significantly different surface chemistry data and binding constant values. 

The lack o f consistency in binding constant values and surface chemistry data prevents 

the application o f one equation or SCM to other systems (Davis and Kent, 1990; 

Dzombak and Morel, 1990; Stumm and Morgan, 1996).

Despite the limitations described above, a great deal o f progress has been made in 

the application of these models to more complex systems. Much of this progress has 

been the result of findings in the area of spectroscopic and microscopic research and the 

increasing availability of comprehensive surface chemistry and binding constant datasets. 

Inclusion of data from these two areas of research into existing equation and models has 

expanded their application to more complex systems.

3.3 Research Program

The primary focus o f this research was to develop a robust modeling approach 

which can predict cadmium, copper, lead, and zinc partitioning in contaminated soils. 

The modeling approach included surrogate soils comprised of five specimen materials. 

Metal sorption modeling was accomplished using the Vanselow selectivity coefficient 

and four SCMs in combination with two Windows-based chemical equilibrium/speciation 

software programs; MINEQL+, Version 4.5 (Schecher and McAvoy, 2001) and Visual 

MINTEQ, Version 2.30 (Gustafsson, 2004). MINEQL+ was used to model specimen 

clays and oxides while Visual MINTEQ was used to model soil organic matter. Model 

inputs were based on experimental data generated from basic physical and chemical
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analyses and the selective extraction of metals from contaminated soils, plus data from 

the literature. The modeling approach was tested over a range of pHs, soil textures, soil 

organic carbon levels, and concentrations of soluble cadmium, copper, lead, and zinc and 

total aluminum and iron. Ideally, the modeling approach developed is not limited to 

predicting only cadmium, copper, lead, and zinc partitioning, but can predict, with some 

modifications, the partitioning of other transition and heavy metals under similar soil 

conditions.
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4.0 MATERIALS AND METHODS

4.1 Sampling and Preparation Methods

Fourteen soil samples were collected in 1998 from three locations in an irrigated

pasture on the Bernie Smith Ranch, which is located approximately 11 km southwest of

Leadville, CO. Seven soil samples were collected in 1999 from two additional locations. 

The 1998 samples were collected in 5-cm intervals beginning at the surface, while the 

1999 samples were collected at varied intervals based on horizonation. All locations 

were sampled to different total depths. These pasture soils have been described 

previously as Typic Cryaquolls consisting of an organic surface horizon underlain by one 

or more C horizons containing metal-contaminated sandy material (Levy, 1990). The 

sandy material was transported by water to this pasture as a result o f regional surface 

mining activities during the late 1800s and early 1900s (Levy, 1990).

After the removal of macro-size pieces of undecomposed organic material, 

pebbles, and other debris, the samples were air-dried, homogenized, and passed through a 

2-mm sieve. Approximately 20 g of the sieved samples were gently crushed with a 

mortar and pestle prior to chemical analyses.
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4.2 Chemical and Physical Analyses -  All Leadville, CO Soils 

4.2.1 Total Metals Analysis

One g of each sample was digested with HNO3, HCIO4, and HF over a 24 hour 

period according to the method described by Hossner (1996). In addition to a set of 

QA/QC samples consisting o f blanks, duplicates and NIST standards, sample extracts 

were analyzed for total elemental content by ICP-AES using a Jarrell Ash 61E system.

4.2.2 Texture, pH, and Carbon Analyses

Particle size analysis for texture classification was conducted using the 

hydrometer method described by Gee and Bauder (1996). The pFI was measured in a 1:1 

soil paste consisting of 1 0  g of soil and 10 ml of 0.01 M CaCE.

Total carbon content was measured using a LECO Model 1200 CHN analyzer, 

while inorganic carbon content was determined by the gravimetric method as described 

by Loeppert and Suarez (1996). Organic carbon content was calculated by subtracting 

the inorganic carbon value from the total carbon value. .

4.3 Additional Chemical and Physical Analyses for Selected Samples

Based on total metals analysis, particle size (texture) determination, pH, and 

carbon speciation; two samples from one 1998 soil profile and two samples from one 

1999 soil profile were selected for further chemical analyses. The two 1998 samples 

were from the third location sampled (i.e. 98-3) and represented the depths o f 5-10 cm 

(i.e. 98-3-5-10) and 20-25 cm (i.e. 98-3-20-25). The two 1999 samples were from the
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first location sampled (i.e. 99-1) and represented consecutive intervals 0-7 cm (i.e. 99-1 - 

0-7) and 7-12 cm (i.e. 99-1-7-12). The selected samples provided a range o f pHs, 

textures, concentrations of metals, and carbon content with which to test a predictive 

modeling approach.

4.3.1 XRD Analysis

The XRD analysis of the <2 mm fraction of samples 99-1-0-7 and 99-1-7-12 were 

conducted by the University of Wyoming, Materials Characterization Laboratory, 

Laramie, WY. The XRD data reported by Al-Farranj (2002) were used for samples 98-3- 

5-10 and 98-3-20-25.

4.3.2 Cation Exchange Capacity

Cation exchange capacity (CEC) was measured at ‘field pH ’ using a method 

described by Sumner and Miller (1996). The method was modified as described below 

for use with a vacuum extraction system. The procedure included the following steps: 

la. 5 g of sample were added to an extractor tube; 

lb. 50 mL of 0.2M NH4CI were filtered through the tube and collected; 

lc. Step lb  was repeated two times, generating an additional 100 mL of filtrate;

Id. The 150 mL of filtrate were combined and brought to a total volume of 250 

mL with fresh 0.2M NH4CI;

2a. 50 mL of de-ionized water (DIW) were filtered through the tube and

collected;
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2b. Step 2a was repeated two times, generating an additional 100 mL of filtrate; 

2c. The 150 mL of filtrate were combined and brought to a total volume of 250 

mL with fresh DIW;

3a. 50 mL of 0.2M KNO3 were filtered through the tube and collected;

3b. Step 3a was repeated two times, generating an additional 100 mL of filtrate; 

3c. The 150 mL of filtrate were combined and brought to a total volume of 250 

mL with fresh 0.2M KNO3 ;

4. The three filtrates from each sample were analyzed for Ca, Mg, Na, P, Al, Fe, 

Mn, Ti, Cu, Zn, Ni, Mo, Cd, Cr, Sr, B, Ba, Pb, Si, V, and NH4 by ICP-AES using 

a Thermo Jarrell Ash IRIS Advantage System.

Cations extracted with NH4CI-DIW-KNO3 were initially reported in units o f mg 

L"1. The results were then converted to mg kg ' 1 and finally to cmolc kg '1. Normally, 

CEC is based solely on the amount of NH44" recovered during the 0.2M KNO3 extraction 

step and is calculated using the equation (Sumner and Miller, 1996):

CEC = [(NH4+ x 3) /18 ] (3)

However, CEC can also be calculated by summing the concentrations o f all extracted 

cations in the three filtrates. The advantages of this approach are the contribution of each 

cation to the overall CEC can be determined and the total concentrations of extracted 

cadmium, copper, lead, and zinc can be compared to the exchangeable metals 

concentrations reported for the 0.5M Ca(N0 3 ) 2  procedure described in section 4.3.5. If
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the procedure is accurate, the CECs based on N H / and on the sum of all extracted 

cations except N H / should be very similar.

4.3.3 Soluble Metals [DIW Extractable]

Soluble metals [DIW extractable metals] were recovered using DIW at a 40:1 

dilution. Each extraction sequence consisted of placing 2.5 g o f soil with 100 mL of 

DIW in a 250 mL centrifuge bottle on a horizontal shaker for two hours. After two 

hours, the samples were centrifuged at approximately 1 2 , 0 0 0  rpm for 15-20 minutes. 

One 10 mL aliquot was collected and acidified to pH <2 for metals analysis by ICP-AES, 

while a second aliquot was collected for pH measurement. The remaining solution was 

decanted and discarded. One hundred mL o f fresh DIW were added and the sample 

placed back on the shaker for two hours. The procedure was repeated until four 

extractions had been completed. All soil samples were treated in triplicate. The acidified 

extracts were analyzed for Cd, Cu, Pb, Zn, Ca, Mg, Na, K, P, Al, Fe, Mn, Ti, Ni, Mo, Cr, 

Sr, B, Ba, Si, and V by ICP-AES using a Jarrell Ash 61E system.

4.3.4 Soluble Metals [0.01 M C a(N 0 3 ) 2 Extractable]

A second set of soluble metals [0.01M Ca(N0 3 ) 2  extractable metals] were 

recovered using a solution of 0.01M Ca(N0 3 ) 2  at a 40:1 dilution. The procedure was 

designed to mirror the water soluble extraction procedure described in section 4.3.3, 

except a vacuum extraction system was used instead of the horizontal shaker system. To 

each vacuum extractor tube, 2.5 g of sample were added and then 100 mL of 0.01M
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Ca(NC>3)2 filtered through the tube at a rate o f 50 mL per hour. Each 100 mL of filtrate 

was collected separately representing one two-hour extraction period. A total of 400 mL 

of extractant solution were filtered through each sample tube over an 8  hour period. The 

preparation and analysis of the 0.01M CaCb extracts were identical to the methods 

described in section 4.3.3, except a Thermo Jarrell Ash IRIS Advantage system was used 

instead of the Jarrell Ash 6  IE system.

4.3.5 Exchangeable Metals [0.5M Ca(N(>3 ) 2  Extractable]

Exchangeable metals [0.5M Ca(N0 3 ) 2  extractable metals] were recovered with a 

horizontal shaker system using a solution of 0.5M Ca(NC>3)2 at a 40:1 dilution. The 

extraction o f each sample and subsequent analysis of the Ca(NC>3)2 extracts were 

identical to the methods described in section 4.3.3.

4.3.6 Exchangeable Metals [NH4 CI-DIW-KNO3  Extractable]

A second set of exchangeable metals concentrations [NH4CI-DIW-KNO3 

extractable metals] were calculated from data generated by the CEC procedure described 

in section 4.3.2.

4.3.7 Specifically Sorbed and Complexed Metals [0.03M La(N 0 3 ) 3  or 0.05M 

Pb(N0 3 ) 2  Extractable with Horizontal Shaker System]

Specifically sorbed and complexed metals [0.03M La(NC>3)3 or 0.05M Pb(N0 3 ) 2  

extractable metals] were recovered with a horizontal shaker system using either a solution
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containing 0.03M La(N 03) 3 and 0.1M Ca(N 03) 2 or 0.05M Pb(N 03) 2 and 0.1M Ca(N 03) 2 

at a 40:1 dilution. One set of samples was treated with the 0.03M La(N 03) 3 solution, 

while a second set o f samples was treated with the 0.05M Pb(N 03) 2 solution. The 

extraction of each sample and subsequent analysis of the 0.03M La(N 03) 3 and 0.05M 

Pb(N 03) 2 extracts were identical to the methods described in section 4.3.3.

4.3.8 Specifically Sorbed and Complexed Metals [0.03M L a(N 03)3 or 0.05M

Pb(N 03)2 Extractable with Vacuum Extraction System]

A second set of specifically sorbed and complexed metals [0.03M La(N 03) 3 or 

0.05M Pb(N 0 3) 2 extractable metals] were recovered with a vacuum extraction system 

using either a solution containing 0.03M La(N03) 3 and 0.1M Ca(N 03) 2 or 0.05M 

Pb(N 0 3) 2 and 0.1M Ca(N 03) 2 at a 40:1 dilution. The procedure was designed to mirror 

the specifically sorbed and complexed cations procedure described in section 4.3.7 except 

samples were extracted using the vacuum system rather than the shaker system. To each 

extractor tube, 2.5 g of sample were added and then 100 mL of either the 0.03M 

La(N03) 3 or the 0.05M Pb(N 03) 2 solution filtered through the tube at a rate of 50 mL per 

hour. Each 100 mL of filtrate was collected separately representing one two-hour 

extraction period. A total of 400 mL of extractant solution were filtered through each 

sample tube over an 8  hour period. The extraction o f each sample and subsequent 

analysis o f the 0.03M La(N03) 3 and 0.05M Pb(N 03) 2 extracts were identical to the 

methods described in sections 4.3.3 and 4.3.4.
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4.4. Laboratory Methods -  Specimen Materials

Construction of surrogate soils to approximate the four Leadville soils required 

the selection of appropriate specimen materials. Initially, kaolinite, goethite, and 

Pahokee peat were selected to represent the clay mineral, iron oxide, and soil organic 

matter (SOM) fractions of the Leadville soils. However, XRD data obtained for soil 

profiles 99-1 and 98-3 after the completion of laboratory experiments identified the 

significant presence of illite and smectite clay minerals. As a result, the number of 

specimen materials were increased to five. The model inputs used for kaolinite, goethite, 

and peat were a combination of experimental data and data obtained from the literature, 

while model inputs for illite and smectite were based solely on data obtained from the 

literature.

4.4.1. Preparation of Specimen Materials 

Kaolinite

Georgia kaolinite (KGa-lb) was obtained from the Clay Minerals Society’s (CMS) 

Source Clays Repository (West Lafayette, IN). The KGa-lb sample was treated with 

CaCl2 using the following procedure. In a 50 mL centrifuge tube containing 1.003 g of 

kaolinite [equal to 1.000 g of oven-dried (OD) KGa-lb], 130 mL of 0.01M CaCl2 

solution adjusted to a pH of 5.50 were added in four separate treatments (i.e., 40 mL, 30 

mL, 30 mL, and 30 mL). The clay suspension was placed on a horizontal shaker for 48 

hours (each) during the first three treatments and 24 hours during the fourth and final 

treatment. After each treatment, the tubes were centrifuged at 12,000 rpm for 20 minutes.
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The solution was decanted and the pH measured. Fresh CaCL solution was added and 

the tubes placed back on the shaker. The saturation procedure was complete when the pH 

remained stable, which occurred between the third and fourth treatments. The calcium- 

treated kaolinite was oven dried at 105°C for 24 hours and stored in centrifuge tubes 

until needed.

Pahokee Peat

Pahokee peat was obtained from the International Humic Substances Society (St. 

Paul, MN) and treated with CaCft using the following procedure. In a 250 mL bottle 

containing 3.0 g of peat, 100 mL of 0.01M CaCb adjusted to a pH of 5.50 were added. 

The suspension was shaken for 24 hours, after which the suspension was centrifuged at

12,000 rpm for up to one hour and the pH measured. One hundred mL of fresh 0.01M 

CaCft at pH 5.50 were added and the suspension shaken for an additional 18 hours. After 

the second treatment, the pH of the suspension was 5.09. To raise the pH o f the 

suspension, 240 uL of 1.30M NaOH were added over three days of continuous agitation 

until the pH stabilized at 5.50. The suspensions were then centrifuged at 12,000 rpm for 

up to one hour. The CaCl2 solution was decanted and the peat oven dried at 105°C for 24 

hours. The calcium-treated peat was stored in 250 mL bottles until needed.

Goethite

The procedure described by Atkinson et al. (1968) was used to synthesize 

goethite. To each of the four 1-L bottles, 170 mL (202.3 g) of 0.45M Fe(NC>3)3 9 H2O
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and 30 mL (33.24 g) of 2.5 M NaOH were added. A brown precipitate formed 

immediately and the suspensions were shaken intermittently for 25 minutes until the 

precipitate had dissolved. After suspension pHs were measured, the loosely covered 

bottles were left undisturbed for 50 hours at room temperature. At the end o f the 50 hour 

aging process, varying amounts of 1.30M NaOH and 2.50M NaOH solution were added 

over a short a period of time to raise the suspension pH to 11.6-12.0. When the desired 

pH range had been achieved, the loosely capped bottles were placed in an oven at 62°C ± 

2°C for four days. The suspensions were stirred briefly every 12 hours during this time. 

After removing the bottles from the oven and allowing them to cool, the suspensions 

were centrifuged until the precipitate had settled. The solution was decanted and DIW 

added to the precipitate. The bottles were shaken for one hour, centrifuged, and pH and 

conductivity measurements collected. The rinsing procedure was repeated until 

conductivity measurements approached the conductivity of DIW.

The synthetic goethite was air-dried and gently crushed to a fine powder before 

storing in a 1-L HDPE bottle. The Materials Characterization Laboratory at the 

University of Wyoming, Laramie, WY conducted XRD and SEM analyses and collected 

BET measurements on the synthetic material.

The synthetic goethite was treated with CaCh by adding 30 mL of 0.01 M CaCb 

to 1.013 g [equal to 1.000 g OD] of synthetic goethite in a 50 mL centrifuge tube. The 

suspension was shaken for 24 hours and the pH measured. The process was repeated 

until the pH remained steady at 5.50 ± 0.2. The calcium-treated goethite was stored in 50 

mL centrifuge tubes until needed.
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4.4.2 Metal Sorption / Desorption Experiments [Kaolinite, Peat, and Goethite]

Prior to spiking the treated specimen materials with cadmium, copper, lead, or 

zinc, all specimen materials were treated with 0.01M CaCh- Based on moisture content 

measurements, 1.003 g of kaolinite, 1.157 g of peat, or 1.013 g of goethite [all equal to

1.000 g of OD specimen] were added to 50 mL centrifuge tubes along with 30 mL of 

0.01M CaCl2 adjusted to pH 5.50. The tubes were then placed on a horizontal shaker for 

24 hours. The samples were centrifuged at approximately 12,000 rpm for up to one hour. 

The solutions were decanted and pH measurements collected. This procedure was 

repeated until suspension pHs stabilized at 5.50 ± 0.2.

Thirty mL of spike solution containing either cadmium, copper, lead, or zinc or all 

four metals were added to the samples. Although the molar concentrations of the 

different metals in the 30 mL of spike solution varied, the concentration o f each metal 

was calculated so that 4.83 umol of metal were added to 1.000 g o f OD specimen 

material (e.g. 1 mg of lead per 1 g OD specimen material). The pHs of solutions (i.e. 

spike and extractant) were adjusted to 5.50 ± 0.1. The system was open to the 

atmosphere and the pH was allowed to drift during the experiments. All procedures were 

run in triplicate.

The suspensions were shaken for approximately 24 hours and then centrifuged for 

up to one hour. One 10 mL aliquot for metal analysis was collected from each sample 

and acidified to pH <2 with HNO3 . After a second aliquot had been collected for pH 

measurement, the remaining solution was decanted and discarded. Thirty mL of 1.0M 

KNO3 were then added and the samples returned to the shaker for approximately one
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hour. The samples were centrifuged at approximately 12,000 rpm for up to 30 minutes. 

Two 10 mL aliquots were collected from each sample for metal analysis and pH 

measurement.

After decanting and discarding the excess KNO3 solution, 30 mL of a solution 

containing 0.03M La(N0 3 ) 3  and 0.1M Ca(NC>3)2 were added to each sample. The 

suspensions were returned to the shaker for various periods of time (i.e., 4, 24, and 48 

hours). The samples were centrifuged at approximately 12,000 rpm for up to 30 minutes. 

Two 10 mL aliquots were collected from each sample for metal analysis and pH 

measurement.

In addition to the full suite of QA/QC samples, the acidified aliquots were 

analyzed for cadmium, copper, lead, and zinc by ICP-AES using a Thermo Jarrell Ash 

IRIS Advantage system. Results were reported in mg L ' 1 and converted to mg kg-1 of 

oven-dried specimen material.

4.4.3 Calculation of Vanselow Selectivity Coefficients, Specific Sorption Constants,

and Complexation Constants

Vanselow selectivity coefficients were calculated for the exchange of cadmium, 

copper, lead, and zinc with calcium-treated kaolinite. The two cation exchange reactions 

and associated Vanselow selectivity coefficient equations used were:

Cation Exchange Reactions

X2-Ca + MC2+ O  X2-MC + Ca2+ (4)

X2-Ca + MCC1+ O  2X-MCC1 + Ca2+ (5)
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where X2-Ca represents calcium associated with two cation exchange (X') sites on the

2+
kaolinite surface and MC and MCC1 represent soluble metal cations (MC) (i.e. Cd, Cu, 

Pb, Zn) species and complexes, respectively.

Vanselow Selectivity Coefficients

Kvi = [X2-MC] {Ca2+} / [X2-Ca] {MC2+} (6)

Kv2 = [X-MCCl]2 {Ca2+} / [X2-Ca]{MCC1+ } 2 (7)

where brackets [ ] represent the concentrations of bound cations on the solid phase, which 

is expressed in mol kg '1; braces { } represent the activity of cations in solution. Kyi and 

Kv2 represent cation exchange reactions (4) and (5), respectively.

Specific sorption (sorption) constants (K m) were also calculated based on the two 

following reactions:

Sorption Reactions

[SOH][MC2+]s O  [SO-MC+][H+]s (8 )

[SOH]2[MC2+]s O  [(SO)2-MC][H+] s2 (9)

where [SOH], [SO-MC+], and [(SO)2-MC] represent the concentrations of sorbed protons 

and metal cations at specific sorption sites on the kaolinite surface, which is expressed in 

mol kg' ; [MC ]s and [H ]s represent the concentrations of metal cations and protons 

adjacent to the kaolinite surface in mol L '1.

The concentrations of metal cations (MC2+S) and protons (H+s) adjacent to the 

kaolinite surface were calculated from the concentrations of metal cations (MC2\ )  and 

protons (H+b) in the bulk solution using the Boltzmann equation (i.e. electrostatic 

correction factor). The two equations used were:
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Boltzmann Equations

[MC2+]s = [MC2+]b exp (-z,Fv|/s / RT) (10)

[H+]s = [H+]b exp (-ZjF\|/s / RT) (11)

where brackets [ ]s and [ ]b are in mol L"1 and z;, \|/s, R, F, and T represent cation valence,

surface potential, molar gas constant, Faraday constant, and temperature (K°),

respectively. The sorption constant equations used were:

Sorption Equations

KMi = [SO-MC+][H+]s / [SOH][MC2+]s (12)

KM2 = [(SO)2-MC][H+] s2 / [SOH]2[MC2+]s (13)

where Kmi and KM2 represent specific sorption reactions (8 ) and (9), respectively and log 

Kyi, Kv2 , Kmi, and Km2 values are reported in Tables 2  and 3.

Constants for sorption reactions involving SOH sites and soluble MCC1+ 

complexes were not calculated because predicted concentrations of sorbed MCC1 

complexes [SO-MCC1] were negligible (i.e. <1E-6M). Sorption constants for iron oxide 

and cation exchange and complexation constants for peat were not calculated. Cation 

exchange, sorption and complexation binding data for iron oxide, peat, illite, and 

montmorillonite were obtained from the literature.

4,5 Modeling

4.5.1 Model Selection

The selection of an empirical equation and/or mechanistic model to describe 

cadmium, copper, lead, and zinc partitioning associated with the five specimen materials
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(i.e. kaolinite, illite, montmorillonite, FeOOH, and SOM) was based on the following 

criteria: 1 . simplicity o f the equation or model (i.e. number of parameters); 2 . inclusion of 

datasets providing binding constants, surface chemistry data, and equation or model 

parameters; and 3. the availability of the equation or model in one o f the existing 

chemical equilibrium/speciation software programs. A final consideration was the ability 

to enter the appropriate equations or model parameters into existing software programs in 

the event neither was included.

The Generalized Two-Layer Model (GTLM) was selected to describe metal 

sorption associated with oxide minerals because it is one o f the simplest models 

available. The GTLM includes extensive databases of binding constants, surface 

chemistry data, and model parameters for a variety of oxides. The GTLM and its 

databases have been extensively tested and have found wide acceptance in the area of 

metal sorption research. The GTLM is incorporated into several chemical 

equilibrium/speciation programs such as MINEQL+ (Schecher and McAvoy, 1994), 

MINEQL+, Version 4.5 for Windows (Schecher and McAvoy, 2001), MINTEQA2 

(HydroGeoLogic, Inc. and Allison Geoscience Consultants, Inc., 1999), and Visual 

MINTEQ, Version 2.30 (Gustafsson, 2004).

The choice for describing the exchange and complexation o f metals associated 

with humic substances was the Stockholm Humic Model (SHM). The SHM, which also 

contains extensive databases containing surface chemistry data, model parameters, and 

exchange and complexation constants, has been extensively tested and is incorporated 

into Visual MINTEQ.
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The Vanselow selectivity coefficient equation was selected for describing metal 

cation exchange reactions on clay surfaces. The exchange reactions can be easily written 

and incorporated into the MINEQL"1" problem input files. The Constant Capacitance 

Model (CCM) was selected to describe the metal sorption reactions associated with 

kaolinite because of its simplicity and the fact that the CCM is one of four surface 

complexation models (SCM) included in MINEQL+. Metal sorption reactions associated 

with montmorillonite surfaces were described using a non-electro static SCM format, 

which was incorporated into MINEQL+. The rationale for using a non-electrostatic 

modeling approach for metal sorption reactions associated with montmorillonite versus 

an electrostatic modeling approach was the absence o f electrostatic modeling data for 

montmorillonite in the literature. Since the majority of this clay’s exposed surface is 

controlled by cation exchange reactions, the assumption was that the impact of ignoring 

electrostatic interactions associated with the montmorillonite surface would be minimal 

to the overall surrogate system.

4.5.2 Modeling Software

MINEQL"1", Version 4.5 for Windows (Schecher and McAvoy, 2001) was selected 

to model the sorption o f metals to kaolinite, illite, montmorillonite, and goethite 

specimen materials. Visual MINTEQ, Version 2.30 (Gustafsson, 2004) was selected to 

model the sorption of metals to specimen organic materials.
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4.5.3 Modeling Data from the Literature

Model input data for the five specimen materials were obtained primarily from the 

literature. For kaolinite, goethite, and peat, the data from the literature supplemented or 

replaced experimental data generated during the adsorption/desorption experiments. For 

illite and montmorillonite, data from the literature were the only data available for 

modeling these components.

Initially, a search of the literature produced a large body of data regarding 

sorption reactions, chemical composition, and the structure of the five specimen 

materials. The data were reduced to studies that involved at least one of the four metals 

of interest, were conducted in the general range of pHs measured in the Leadville soils, 

and used CaCl2 as the background electrolyte.

Whereas sufficient modeling data were available for kaolinite, montmorillonite, 

and goethite, the data were insufficient for illite and specimen organic materials. 

Excluding copper, cation exchange constants for cadmium, lead, and zinc were available 

for illite from the literature. A cation exchange constant for copper was calculated based 

on a metal cation-illite affinity sequence and a lead cation exchange constant. Farrah et 

al. (1980) reported a metal cation-illite affinity sequence of Pb (1.9), Cu (1.4), Zn (1.3), 

and Cd (1.0), while Khan and Khan (1985) calculated a lead-illite exchange constant of 

(K) 2.7. The following equation was developed to calculate a cation exchange constant 

for copper (KCu):

KCu = (2.7/1.9) x 1 .4 = 2 .0 ; log KCu = 0.300 (14)

The log K cation exchange constant values for the four metals are reported in Table 5.
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To avoid using potentially incompatible reactions and constants for the modeling 

o f specimen organic materials, the existing databases in the Visual MINTEQ program 

were selected. However, the Visual MINTEQ databases describe reactions associated 

with humic acids (HA) and fulvic acids (FA) and not peat or SOM. Therefore, data from 

several literature sources and the Pahokee peat sorption/desorption experiments were 

combined with carbon data from the Leadville soils and converted to HA and FA model 

inputs. After converting to HA and FA, the existing Visual MINTEQ databases could be 

used. The conversion of peat model inputs to HA and FA model inputs and back to SOM 

model outputs are described in section 4.5.6.

4.5.4 Model Input Files

Once all physical, chemical, and surface reaction data had been collected for the 

five specimen materials; model input files were generated in the specific formats required 

by the MINEQL+ and Visual MINTEQ programs. Tables 1-3 list chemical, physical, and 

surface reaction data used to describe the kaolinite system, while Tables 4-5 and 6-7 list 

data used to describe the illite and montmorillonite systems, respectively. Tables 8-9 and 

10-11 list critical data used to describe the FeOOH and SOM systems.

Simulations were conducted using a non-competitive modeling approach 

(NCMA) and a competitive modeling approach (CMA). A NCMA simulation was 

conducted for each pH value (i.e. 4.15, 5.56, and 6.21), each metal (i.e. cadmium, copper, 

lead, and zinc) and each specimen material (i.e. kaolinite, illite, montmorillonite, FeOOH, 

and soil organic matter). An example of one NCMA simulation is the modeling of
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copper sorption onto montmorillonite at pH 5.56. CMA simulations were identical to 

NCMA simulations with respect to pH values and specimen materials. However, CMA 

simulations were conducted with all four metals instead of one metal like the NCMA 

simulations. An example of one CMA simulation is the modeling of cadmium, copper, 

lead, and zinc sorption onto montmorillonite at pH 5.56.

The input concentrations of metals used to model montmorillonite, kaolinite, 

illite, and FeOOH were 1,000, 500, 100, 50, 10, 5, 1, 0.5, 0.1, 0.05, and 0.01 mg L '1. Due 

to the very large sorptive capacity of humic substances, the input concentrations of metals 

included 10,000, 5,000, and 2,500 mg L ' 1 in addition to the range used for clay minerals 

and FeOOH.

4.5.5 Model Output Files

The output files for the five specimen materials listed the concentrations of all 

species in mol L '1. The output files for soluble species such as Cd+2, Cu+2, Pb+2, Zn+2, 

and their complexes (e.g., CdCl+, CdN0 3 +, etc.) were converted from mol L ' 1 to mg L"1, 

while the sorbed species (e.g., X2-Cd, 2X-CdCl, SO-Cd+, (SO)2-Cd, etc.) were converted 

to mg kg ' 1 oven-dried (OD) specimen material. If more than one metal cation complex 

existed for a particular sorption reaction, the complexes were combined and reported as 

total exchangeable (e.g. X2-Cd + 2X-CdCl), total sorbed (e.g. SO-Cd+ + (SO)2-Cd), or 

total complexed metals. This was particularly necessary for the SOM output files where 

a minimum of five complexed metal complexes were generally listed (e.g. FA-Cu+, 

(FA)2-Cu, (FA)2-CuOH, HA-Cu+, (HA)2-Cu, (HA)2-CuOH, etc.).
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After converting output data to the appropriate units (i.e. mg L ' 1 and mg kg '1) and 

combining similar metal cation complexes, tables of sorption curves were generated 

using the predicted soluble species (mg L '1) as the x-axis and the predicted exchangeable, 

sorbed, or complexed concentrations (mg kg '1) as the y-axes.

To calculate predicted concentrations of exchangeable, sorbed, and complexed 

metals that corresponded to experimentally derived soluble metals data, two values from 

the x-axis (i.e. predicted concentration of soluble metals) were selected to bracket the 

experimental value. Then two values from the y-axes (i.e. predicted concentrations of 

exchangeable, sorbed, or complexed metals) were selected that corresponded to the two 

values from the x-axis. These four values were used to generate a linear regression 

equation (i.e. y = mx + b). Using the experimental value as the x value, a predicted 

exchangeable, sorbed, or complexed metals value was calculated, which corresponded to 

the experimental soluble metals value. The predicted concentrations of exchangeable, 

sorbed, and complexed metals were then compared to experimental metals data generated 

from the selective extraction of the Leadville soils.

Each sorption table containing one metal and one specimen material was 

combined into a master table. Therefore, each master table contains one metal and five 

specimen materials (e.g. Cu-kaolinite modeling output + Cu-illite modeling output + Cu- 

montmorillonite modeling output + Cu-FeOOH modeling output + Cu-SOM modeling 

output). An additional master table was generated from the modeling of all four metal 

cations and the five specimen materials (e.g., Cd,Cu,Pb,Zn-kaolinite modeling output +
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Cd,Cu,Pb,Zn-illite modeling output + Cd,Cu,Pb,Zn-montmorillonite modeling output + 

Cd,Cu,Pb,Zn-FeOOH modeling output + Cd,Cu,Pb,Zn-SOM modeling output).

Weighting factors were then applied to each specimen material in the master 

table. Application o f weighting factors proportioned the composition (i.e., percent 

kaolinite, percent illite, percent montmorillonite, percent FeOOH, and percent SOM) of 

the surrogate soil. Each of the four surrogate soils was used to approximate one of the 

four Leadville soils. The procedure for calculating the various weighting factors is 

described in Section 4.5.6.

The final step was to sum the predicted concentrations o f exchangeable, sorbed, 

and complexed metals calculated from the experimental soluble metals data [e.g. total 

exchangeable (kaolinite) + total exchangeable (illite) + total exchangeable 

(montmorillonite) + total exchangeable (SOM)] across all five specimen materials. The 

total predicted exchangeable, total predicted sorbed, and total predicted complexed 

metals concentrations for each surrogate soil were then compared with experimental 

metals data generated from the selective extraction of a corresponding Leadville soil. An 

example of a master table (sample 99-1-0-7 zinc) is provided in Appendix C (Table 1).

4.5.6 Weighting Factors, Conversions, and Multipliers

Weighting factors were calculated for three clay minerals, FeOOH, and SOM. As 

mentioned previously, the weighting factors were used to proportion the composition of 

each surrogate soil to more closely approximate one of the Leadville soils. These 

adjustments were necessary to calculate realistic modeling outputs for comparison with
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the experimental metals data. The factors, which are described in the following sections, 

are the summation of a variety of data sources. For illustrative purposes, data from 

sample 99-1-0-7 were selected to demonstrate the process used to calculate weighting 

factors for the five specimen materials. Table 12 lists the equations and weighting factor 

values for the three clay minerals, while Table 13 lists the equations and weighting factor 

values for FeOOH and SOM.

Calculation of Clay Weighting Factors

Estimating the clay composition in sample 99-1-0-7 was accomplished using a 

method described by Klages and Hopper (1980). From 99-1-0-7 XRD data, the areas 

under the curves of particular signature peaks [i.e. 17.0 Angstrom (A) peak for smectite, 

1 0  A peak for illite, and 7.2 A peak for kaolinite] were calculated and then multiplied by 

specified adjustment values. The qualitative result for 99-1-0-7 was a clay composition 

consisting o f 20% kaolinite, 70% illite, and 10% smectite.

Next, the mole weight o f each clay mineral was calculated based on structural 

formulas listed in the CMS datasheets. The percent by weight for Al3+ in each clay was 

calculated and equaled 2 1 % for kaolinite, 13% for illite, and 1 1 % for montmorillonite.

The total Al3+ concentration reported in sample 99-1-0-7, 42.9g/kg-soil, was 

obtained from total metal analysis described earlier and used in calculating the clay 

weighting factors in this particular surrogate soil. The use of total Al3+ in calculating the 

clay weighting factors was based on a review of 99-1-0-7 XRD data. Although feldspars, 

micas, and amorphous/crystalline aluminum oxides could be present, the assumption used
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3-/-in this approach was the impact of any A1 tied up in non-clay minerals on the overall

O I

sorptive capacity o f the soil was minimal. Therefore, the total A1 concentration 

reported for sample 99-1-0-7 was assumed to be structurally bound to clay minerals. The 

calculations of each clay weighting factor for surrogate soil 99-1-0-7 are described below 

and included in Table 12:

Kaolinite (K) Modeling Output Data (MOD)

MOD (mg-metal cation (MC)/kg-K) x (kg-K/lOOOg-K) x (lg-K/0.21g-Al3+) x (42.9g- 

Al3+/kg-soil) x 0.20 = 0.04 x (mg-MC/kg-soil) (15)

Illite ID MOD

MOD (mg-MC/kg-I) x (kg-I/1000g-I) x (lg-I/0.13g-Al3+) x (42.9g-Al3+/kg-soil) x 0.70 = 

0.23 x (mg-MC/kg-soil) (16)

Montmorillonite ( M ) MOD

MOD (mg-MC/kg-M) x (kg-M/lOOOg-M) x (lg-M/0.11g-Al3+) x (42.9g-Al3+/kg-soil) x 

0.10 — 0.04 x (mg-MC/kg-soil) (17)

Calculation of FeOOH Weighting Factors

Al-Farranj (2002) reported the concentrations of crystalline and non-crystalline 

FeOOH ranged from 50% to 73% of the total Fe3+ content in soil profile 98-3. The 50% 

value was selected for calculating the FeOOH weighting factor in surrogate soil 99-1-0-7. 

The percent by weight of Fe3+ in FeOOH was calculated and equaled 63%. Based on a 

total Fe3+ concentration o f 60.9g/kg-soil, the calculation o f the 99-1-0-7 FeOOH 

weighting factor was:
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FeOOH MOD

MOD (mg-MC/kg-FeOOH) x (kg-FeOOH/lOOOg-FeOOH) x (lg-FeOOH/0.63g-Fe3+) x 

(60.9g-Fe3+/kg-soil) x 0.50 = 0.05 x (mg-MC/kg-soil) (18)

Calculation of Soil Organic Matter Conversions, Multipliers, and Weighting Factors

As stated previously, Visual MINTEQ software does not include peat or SOM 

databases. This limitation required the conversion of peat model inputs to HA and FA 

model inputs by first converting peat model inputs to SOM model inputs and then 

converting SOM model inputs to HA and FA model inputs. After converting model input 

data to g-HA L' 1 and g-FA L '1, the HA and FA databases were used to model the organic 

fraction in surrogate soils. Data used to calculate the numerous conversions came from a 

variety of data sources and are described below and included in Table 10:

Conversion of peat (g L '1) to SOM (g L '1) to ‘active’ humic substances 1HS1 (g L '1) 

(g-Peat/L) [experimental setup] x (0.457g-C/g-peat) [IHSS data sheet for Pahokee peat] x

(1.90g-SOM/g-C) [Nelson and Sommers, 1996; Broadbent, 1953] x (0.54g-humic

substances (HS)/g-SOM) [Stevenson, 1995] x 

(0.525g-‘active’ HS /g-HS)[Gustafsson and Pechova, 2003]

= 0.25 x g-‘active’ HS L‘‘ (19)

Conversion of ‘active’ HS (g L"1) to humic acid and fulvic acid (g L '1)

(g-‘active’ HS/L) x 0.62 [Gustafsson, 2004] = g-HA L ' 1 (20a)

(g-‘active’ HS/L ) x 0.38 [Gustafsson, 2004] = g-FA L' 1 (20b)
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Visual MINTEQ model output data were reported initially as mol-metal cation 

(MC) L '1. After combining similarly sorbed metals complexes (e.g., HA-Cu, (HA)2-Cu, 

(HA)2-CuOH, FA-Cu, (FA)2-Cu, and (FA)2-CuOH, etc.), concentrations were converted 

to mg-MC kg''-SOM using equations 21 and 22. Although peat was used as a specimen 

material for the organic fraction in the Leadville soils, peat is not a likely component of 

these soils. Therefore, model output data for HA and FA, which was based originally on 

peat model inputs, were converted to SOM model output data. Copper is used as an 

example o f converting mol-Cu L ' 1 to mg-Cu kg_1-SOM:

Copper MOD

MOD (mol-Cu/L) x (63,546mg-Cu/mol-Cu) x (L/28.9g-SOM)* x (lOOOg-SOM/kg-SOM) 

= 2,195,534 x mg-Cu kg '-SO M  => 2.2E6 x mg-Cu kg_1-SOM (21)

*(33.3g-peat/L) [experimental setup] x (0.457g-C/lg-peat) x (1.90g-SOM/lg-C) = 

28.9g-SOM L ' 1 (22)

The value o f 2.2E6 is described as a multiplier for converting mol-Cu L ' 1 in the 

Visual MINTEQ output to mg-Cu kg"'-SOM. The calculated multipliers for Cd+2, Pb+2, 

and Zn+2 were 3.9E6, 7.2E6, and 2.3E6, respectively.

The final calculation required was the conversion of mg-MC kg'1-SOM to mg- 

MC kg'1-soil (i.e. SOM weighting factor). Thus, the equation for the 99-1-0-7 SOM 

weighting factor is described below and included in Table 13:

SOM MOD

MOD (mg-MC/kg-SOM) x (kg-SOM/1000 g-SOM) x (1 g-SOM/0.53 g-C) x ( 18.0 g-C 

/kg-soil) = 0.03 x (mg-MC/kg-soil) (23)
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The same procedures were used for converting cadmium, lead, and zinc from 

mol-MC L ' 1 to mg-MC kg^-soil in the other three Leadville soils. The results o f those 

calculations are also included in Tables 10 and 13.

To determine the impact of errors in weighting factor values on the prediction of 

metal partitioning in surrogate soils, a sensitivity analysis was conducted. The results are 

described in Section 6.0.
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Table 1

Kaolinite System Modeling Parameters

Chemical Speciation Software Used: Mineql"1", Version 4.5

Specimen Modeling Parameters

Cation Exchange Capacity (cmolc kg"1) 2.01

Surface Area (m2 g"1) 10.051

Binding Site Concentration (sites m"2) 2.31 E l 8 2

Solids Concentration (g L"1) 33.33

X2-Ca Sites Concentration (mol L"1) 3.33E-044

SOH Sites Concentration (mol L"1) 1.28E-035

C 0 2 (Log P) -3.48

Precipitation o f Solids Allowed ? No

Background Electrolyte 0.01M CaCl23

pHs 4.15; 5.56; 6.216

Metal(s) Input Concentrations (mg L"1) 1,000; 500; 100; 50; 10; 5; 1; 0.5;
0.1; 0.05; 0.01

1 Van Olphen and Fripiat, 1979.
2 Davis and Kent, 1990.
3 Experimental setup.
4 X2-Ca equation (includes data from footnotes 1 and 3):

X2-Ca (mol L"1) = (33.3g-K/L) x (kg-K/lOOOg-K) x (2 cmolc/kg-K) x (1 molc/100 
cmolc) x (1 mol X2-Ca/2 molc) = 3.33E-4

5 SOH equation (includes data from footnotes 1, 2, and 3):
SOH (mol L"1) = (33.3g-K/L) x (10.05 m2/g-K) x (2.31E18 SOH sites/m2) x (1 mol 
SOH sites/6.023E23 SOH sites) = 1.28E-3

6  pH of 99-1-7-12, 99-1-0-7, and both 98-3 soil samples, respectively.
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Table 2

Kaolinite System #1: Modeling Inputs for Reactions and Constants 
[ Kaolinite + Cadmium or Copper or Lead or Zinc ][NCMA]

Primary Reactions Modeled Experimental Data1 Literature Data2

[Log Kv and Log KM] [Log Kv and Log KM]

4.37
9.18

Metal Cation Complex: CdCL 
Background Electrolyte: 0.01M CaCL

X2-Ca + Cd+2 O  X2-Cd + Ca+2 0.335
X2-Ca + CdCl+ O  2X-CdCl + Ca+2 2.53
SO-Ca+ + Cd+2 O  SO-Cd+ + Ca+2 -4.43
(SO)2-Ca + Cd+2 O  (SO)2-Cd + Ca+2 -8.65

Metal Cation Complex: Cu(N0 3 ) 2  

Background Electrolyte: 0.01M CaCl2

X2-Ca + Cu+2 O  X2-Cu + Ca+2 0.715
X2-Ca + CuCl+ O  2X-CuCl + Ca+2 6.84
SO-Ca+ + Cu+2 O  SO-Cu+ + Ca+2 -3.28
(SO)2-Ca + Cu+2 O  (SO)2-Cu + Ca+2 -7.47

Metal Cation Complex: PbfTSKEE 
Background Electrolyte: 0 .0 1M CaCE

X2-Ca + Pb+2 O  X2-Pb + Ca+2 0.853
X2-Ca + PbCl+ O  2X-PbCl + Ca+2 4.41
SO-Ca+ + Pb+2 O  SO-Pb+ + Ca+2 -2.82
(SO)2-Ca + Pb+2 O  (SO)2-Pb + Ca+2 -6.80

Metal Cation Complex: Zn(NC>3)2 

Background Electrolyte: 0 .0 1 M CaCE

X2-Ca + Zn+2 O  X2-Zn + Ca+2 0.188
X2-Ca + ZnCl+ O  2X-ZnCl + Ca+2 5.40
SO-Ca+ + Zn+2 O  SO-Zn+ + Ca+2 -1 . 6 6

(SO)2-Ca + Zn+2 O  (SO)2-Zn + Ca+2 -8.53

1 Log Kv and log Km calculated from experimental data.
2 Schindler et al., 1987.
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Table 3

Kaolinite System #2: Modeling Inputs for Reactions and Constants 
[ Kaolinite + Cadmium and Copper and Lead and Zinc ] [CMA]

Primary Reactions Modeled Experimental Data1 Literature Data2

[Log Kv and Log KM] [Log Kv and Log KM]

4.37
9.18

Metal Cation Complex: CdCb 
Background Electrolyte: 0.01M CaCL

X2-Ca + Cd+2 O  X2-Cd + Ca+2 0.314
X2-Ca + CdCl+ O  2X-CdCl + Ca+2 2.49
SO-Ca+ + Cd+2 O  SO-Cd+ + Ca+2 -4.49
(SO)2-Ca + Cd+2 O  (SO)2-Cd + Ca+2 -8.50

Metal Cation Complex: Cu(NC>3)2 

Background Electrolyte: 0.01M CaCL

X2-Ca + Cu+2 O  X2-Cu + Ca+2 0.363
X2-Ca + C u C f O  2X-CuCl + Ca+2 6.14
SO-Ca+ + Cu+2 O  SO-Cu+ + Ca+2 -3.34
(SO)2-Ca + Cu+2 O  (SO)2-Cu + Ca+2 -7.34

Metal Cation Complex: Pb(N0 3 ) 2  

Background Electrolyte: 0.01M CaCl2

X2-Ca + Pb+2 O  X2-Pb + Ca+2 0.792
X2-Ca + PbCl+ O  2X-PbCl + Ca+2 4.29
SO-Ca+ + Pb+2 O  SO-Pb+ + Ca+2 -2.87
(SO)2-Ca + Pb+2 O  (SO)2-Pb + Ca+2 -6.87

Metal Complex: Zn(N0 3 ) 2  

Background Electrolyte: 0.01M CaCl2

X2-Ca + Zn+2 O  X2-Zn + Ca+2 0.264
X2-Ca + ZnCl+ O  2X-ZnCl + Ca+2 5.55
SO-Ca+ + Zn+2 O  SO-Zn+ + Ca+2 -4.93
(SO)2-Ca + Zn+2 O  (SO)2-Zn + Ca+2 -8.94

1 Log Ky and log KM calculated from experimental data.
2 Schindler et al., 1987.
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Table 4

Illite System Modeling Parameters

Chemical Speciation Software Used: Mineql+, Version 4.5 

Specimen Modeling Parameters

Cation Exchange Capacity (emolc kg '1) 37.4 1

Surface Area (m2 g '1) 97.6 1

Binding Site Concentration (sites m '2) 2.31 E l 8 2

Solids Concentration (g L '1) 33.33

X2-Ca Sites Concentration (mol L '1) 6.24E-034

SOH Sites Concentration (mol L '1) NA

C 0 2 (Log P) -3.48

Precipitation of Solids Allowed ? No

Background Electrolyte 0.01M CaCE3

pHs 4.15; 5.56; 6.215

Metal(s) Input Concentrations (mg L '1) 1,000; 500; 100; 50; 10; 5; 1; 0.5;
0.1; 0.05; 0.01

1 Calculated from Van Olphen and Fripiat (1979) and Davis and Kent (1990).
2 Davis and Kent, 1990.
3 Experimental setup.
4 X2-Ca equation (includes data from footnotes 1, 2, and 3):

X2-Ca (mol L '1) = (33.3g-I/L) x (lkg-I/1000g-I) x (37.4 emolc/kg-I) x (1 mole/100 
cm olc) x (1 mol X2-Ca/2 molc) = 6.24E-3

5 pH of 99-1-7-12, 99-1-0-7, and both 98-3 soil samples, respectively.
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Table 5

Illite Systems #1 and #2: Modeling Inputs for Reactions and Constants
[ Illite + Cadmium or Copper or Lead or Zinc ] [NCMA]

and
[ Illite + Cadmium and Copper and Lead and Zinc ][CMA]

Primary Reactions Modeled Experimental Data Literature Data
[ Log Kv ] [ Log Kv ]

Metal Cation Complex: CdCl2

X2-Ca + Cd+2 O  X2-Cd + Ca+2 0.1161

Metal Cation Complex: Cu(NC>3)2

X2-Ca + Cu+2 O  X2-Cu + Ca+2 0.3002

Metal Cation Complex: Pb(N0 3 ) 2

X2-Ca + Pb+2 O  X2-Pb + Ca+2 0.4333

Metal Cation Complex: Zn(NC>3)2

X2-Ca + Zn+2 O  X2-Zn + Ca+2 0.1671

1 Van Bladel et al., 1993.
2 Based on a metal cation-illite affinity sequence o f Pb (1.9), Cu (1.4), Zn (1.3), and Cd 

(1.0) (Farrah et al., 1980) and a lead constant o f Kpb = 2.71 (Khan and Khan, 1985), 
the calculated Kcu for illite was: Kcu = (2.71/1.9) x 1.4 = 2.00; log Kcu = 0.300

3 Khan and Khan, 1985
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Table 6

Montmorillonite System Modeling Parameters

Chemical Speciation Software Used: Mineql+, Version 4.5 

Specimen Modeling Parameters 

Cation Exchange Capacity [median] (cmolc kg'1)

9 i
Surface Area [median] (m g")

■j
Binding Site Concentration (sites m ')

Solids Concentration (g L '1)

X2-Ca Sites Concentration [median] (mol L '1) 

SOH Sites Concentration [median] (mol L '1) 

CO2 (Log P)

Precipitation of Solids Allowed ?

Background Electrolyte 

pHs

Metal(s) Input Concentrations (mg L '1)

2,3

86 .0 1

662. (EGME)
23.9 (BET) 4’5

2.31E186

33.37

1.43E-028

3.06E-039

-3.48

No

0.01M CaCl27

4.15; 5.56; 6.219

1,000; 500; 100; 50; 10; 5; 1; 
0.5; 0.1; 0.05; 0.01

1 Median o f 37 values obtained from the literature (Appendix A).
2 Median of 3 values obtained from the literature (Appendix A).
3 Ethylene glycol mono-ether (EGME) or glycerol method measures both internal (X 

sites) and external (SOH sites) surface areas.
4 Median of 7 values obtained from the literature (Appendix A).
5 Brunauer-Emmett-Teller (BET) or N2 method measures external (SOH sites) surface 

areas.
6  Davis and Kent, 1990.
7 Experimental setup.
8  X2-Ca equation (includes data from footnotes 1 and 7):

X2-Ca (mol L '1) = (33.3g-M/L) x (lkg-M/lOOOg-M) x (86.0 cmolc/kg-M) x 
(1 molc/100 molc) x (1 mol X2-Ca/2 molc) = 1.43E-2
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Table 6 (cont.)

9 SOH equation (includes data from footnotes 1, 4, 5, 6 , and 7):
SOH (mol L '1) = (33.3g-M/L) x (23.9 m2/g-M) x (2.31E18 SOH sites/m2) x (1 mol 
SOH/6.023E23 SOH sites) = 3.06E-3

10 pH of 99-1-7-12, 99-1-0-7, and both 98-3 soil samples, respectively
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Table 7

Montmorillonite Systems #1 and #2: Modeling Inputs for Reaction and Constants
[ Montmorillonite + Cadmium or Copper or Lead or Zinc ] [NCMA]

and
[ Montmorillonite + Cadmium and Copper and Lead and Zinc ] [CMA]

Primary Reactions Modeled Experimental Data Literature Data
[Log Ky and Log K m ] [Log Ky and Log K m]

SOH + H+ O  SOH2+ 4.601
SOH O  SO' + H+ -7.901

Metal Cation Complex: CdCl2

X2-Ca + Cd+2 O  X2-Cd + Ca+2 0.3052
SO-Ca+ + Cd+2 O  SO-Cd+ + Ca+2 -3.801

Metal Cation Complex: Cu(N0 3 ) 2

X2-Ca + Cu+2 O  X2-Cu + Ca+2 0.3782
SO-Ca+ + Cu+2 O  SO-Cu+ + Ca+2 -1.901

Metal Cation Complex: Pb(N0 3 ) 2

X2-Ca + Pb+2 O  X2-Pb + Ca+2 0.4882
SO-Ca+ + Pb+2 O  SO-Pb+ + Ca+2 -2.101

Metal Cation Complex: Zn(N0 3 ) 2

X2-Ca + Zn+2 O  X2-Zn + Ca+2 0.2412
SO-Ca+ + Zn+2 O  SO-Zn+ + Ca+2 -3.201

1 Lothenbach et al., 1997.
2 Auboiroux et al., 1998.
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Table 8

FeOOH System Modeling Parameters

Chemical Speciation Software Used: Mineql+, Version 4.5 

Specimen Modeling Parameters 

Cation Exchange Capacity (cmolc kg'1)

"7 1Surface Area (m g ' )

Binding Site Concentration (sites m '2)

Solids Concentration (g L '1)

X2-Ca Sites Concentration (mol L '1)

S(wk)OH Sites Concentration (mol L '1)
S(st)OH Sites Concentration (mol L '1)

C 0 2 (Log P)

Precipitation of Solids Allowed ?

Background Electrolyte 

pHs

Metal(s) Input Concentrations (mg L '1)

1 Not applicable for FeOOH, SOH sites only.
2 Dzombak and Morel, 1990.
3 Davis and Kent, 1990.
4 Experimental setup.
5 S(wk)OH equation (includes 0.2 mol S(wk)OH/mol Fe3+ (Dzombak and Morel, 1990) 

and data from footnote 4):
S(wk)OH (mol L '1) = (0.2 mol S(wk)OH/l mol Fe3+) x (1 mol Fe3+/1 mol FeOOH) x 
(1 mol FeOOH/89g FeOOH) x (33.3g FeOOH/L) = 7.49E-2

6  S(st)OH equation (includes 0.005 mol S(st)OH/mol Fe3+ (Dzombak and Morel, 1990) 
and data from footnote 4):
S(st)OH (mol L '1) = (0.005 mol S(st)OH/l mol Fe3+) x (1 mol Fe3+/1 mol FeOOH) x 
(1 mol FeOOH/89g FeOOH) x (33.3g FeOOH/L) = 1.87E-3

7 pH of 99-1-7-12, 99-1-0-7, and both 98-3 soil samples, respectively.
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33.34 

N A 1

7.49E-025

1.87E-036

-3.48

No

0.01M CaCl24

4.15; 5.56; 6.217

1,000; 500; 100; 50; 10; 5; 1; 
0.5; 0.1; 0.05; 0.01
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Table 9

FeOOH Systems #land #2: Modeling Inputs for Reactions and Constants
[ FeOOH + Cadmium or Copper or Lead or Zinc ][NCMA]

and
[ FeOOH + Cadmium and Copper and Lead and Zinc ][CMA]

Primary Reactions Modeled Experimental Data Literature Data1

[ Log Km ] [ Log Km ]

S(wk)OH + H+ O  S(wk)OH2+ 7.29
S(st)OH + H+ O  S(st)OH2+ 7.29
S(wk)OH O  S(wk)0' + H+ -8.93
S(st)OH O  S(st)0 ' + H+ -8.93

S(wk)OH + Ca+2 O  S(wk)0-Ca+ + H+ -5.85
S(st)OH + Ca+2 O  S(st)OH-Ca+2 4.97

Metal Cation Complex: CdCl2

S(wk)OH + Cd+2 O  S(wk)0-Cd+ + H+ -2.90
S(st)OH + Cd+2 O  S(st)0-Cd+ + H+ 0.470

Metal Cation Complex: Cu(N0 3 ) 2

S(wk)OH + Cu+2 O  S(wk)0-Cu+ + H+ 0.600
S(st)OH + Cu+2 O  S(st)0-Cu+ + H+ 2.89

Metal Cation Complex: Pb(N0 3 ) 2

S(wk)OH + Pb+2 O  S(wk)0-Pb+ + H+ 0.300
S(st)OH + Pb+2 O  S(st)0-Pb+ + H+ 4.65

Metal Cation Complex: Zn(N 02) 2

S(wk)OH + Zn+2 O  S(wk)0-Zn+ + H+ -1.99
S(st)OH + Zn+2 O  S(st)0-Zn+ + H+ 0.990

1 Dzombak and Morel (1990) and updated databases incorporated in Mineql+, Version 
4.5 for Windows (Schecher and McAvoy, 2001).
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Table 10

Soil Organic Matter (SOM) System Modeling Parameters

Chemical Speciation Software Used: Visual MINTEQ, Version 2.30 

Default Settings:

Main thermodynamic database: thermo.mdb 
Solids database: type6 .mdb 
Component database: comp.mdb
Dissolved organic matter (DOM) complexes database: gaussian.mdb

Visual MINTEQ -  Stockholm Humic Model (SHM) parameters

Fulvic acid: typicalFA.MPF.TXT 
Humic acid: soilha.MPF.TXT
SHM site setting file: Default.MSI.TXT ( same file for humic and fulvic acids)

SHM Input File 

Select suspension

DOC parameters: ratio of ‘active’ DOM to DOC = 2; dissolved FA = 100% of ‘active’ 
DOM

Pahokee Peat Concentration ( g L '1) 33.31

Conversion of peat to SOM to ‘active’ humic substances (HS) ( g L '1)

QSJg-peat/L ) 1 x (0.457g-C/g-peat) 2 x (1.90g-SOM/g-C)3 x (0.54g-HS/g-SOM ) 4 x 
(0.525g-‘active’ HS/g-HS f  = 8.2 g-‘active’ HS/L

Conversion o f ‘active’ HS to humic acid (HA) and fulvic acid (FA) ( g L '1)

(8.2 g-‘active’ HS/L) x 0.626 = 5.1 g-HA L '1; (8.2 g-‘active’ HS/L) x 0.386 -  3.1 g-FA L’ 1

Calculation of dissolved FA (DFA) (mg L '1) from FA (g L-1) and conversion of DFA to 
dissolved organic carbon (DOC) (mg L~)

3.1 g-FA L ' 1 x 0.0757 = 235 mg DFA L ' 1 x 0.506 = 117 mg DOC L ' 1 

Surface Area -  FA, HA (m2 g"1) 8 approximately 3,500; 2,700
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Table 10 (cont.)

Soil Organic Matter (SOM) System Modeling Parameters

Site Concentration -  FA, HA (mmol L ' ) 21.9; 27.1

Visual Minteq Databases Used for Exchange and Complexation Reactions and Constants

FA -  shmgeneric.MDB ; HA -  shmgeneric.MDB and gthumic.CDB

CO2 (Log P) -3.48

Precipitation of Solids Allowed ? No

Background Electrolyte 0.01M CaCE1

pHs 4.15; 5.56; 6.219

Metal(s) Input Concentrations (mg L '1) 10,000; 5,000; 2,500; 1,000; 500;
100; 50; 10; 5; 1; 0.5; 0.1; 0.05; 0.01

1 Experimental setup.
2 International Humic Substances Society Pahokee peat data sheet.
3 Nelson and Sommers, 1996; Broadbent, 1953.
4 Stevenson, 1995.
5 Gustafsson and Pechova, 2003.
6  Gustafsson, 2004.
7 Sauve et al., 2000b.
8  Calculated by Visual MINTEQ based on model inputs.
9 pH of 99-1-7-12, 99-1-0-7, and both 98-3 soil samples.
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Table 11

SOM Systems #1 and #2: Modeling Inputs for Reactions and Constants
[ SOM + Cadmium or Copper or Lead or Zinc ] [NCMA]

and
[ SOM + Cadmium and Copper and Lead and Zinc ][CMA]

Primary Reactions Modeled Literature Data1

[ Log K ]

Solid and Dissolved Humic Acid (HA) and Fulvic Acid (FA) Complexes

HFA-H2 O  HFA- + H+1 0.00
HFA-H + Ca+2 O  HFA-Ca+ + H+1 -2.5
2HFA-H + Ca+2 O  (HFA)2-Ca + 2H+1 -11.3
HFA-H + Cd+2 O  HFA-Cd+ + H+1 -1.65
2HFA-H + Cd+2 O  (HFA)2-Cd + 2H+1 -9.3
HFA-H + Cu+2 O  HFA-Cu+ + H+1 -0.6
2HFA-H + Cu+2 O  (HFA)2-Cu + 2H+1 -5.8
2HFA-H + CuOH+1 O  (HFA)2-CuOH‘ + 2H+1 -13.3
HFA-H + Pb+2 O  HFA-Pb+ + H+1 -0.15
2HFA-H + Pb+2 «  (HFA)2-Pb + 2H+1 -6.15
HFA-H + Zn+2 O  HFA-Zn+ + H+1 -1.35
2HFA-H + Zn+2 O  (HFA)2-Zn + 2H+1 -9.0

-5
Primary Gel (G) Complexes ; dum = dummy component

2FA-dum + Ca+2 O  FA-Ca+2 (G) 0.00
2FA-dum + Cd+2 O  FA-Cd+2 (G) 0.00
2FA-dum + Cu+2 O  FA-Cu+2 (G) 0.00
FA-dum + H+ O  FA-H+ (G) 0.00
2FA-dum + Pb+2 O  FA-Pb+2 (G) 0.00
2FA-dum + Zn+2 O  FA-Zn+2 (G) 0.00
2HA-dum + Ca+2 O  HA-Ca+2 (G) 0.00
2HA-dum + Cd+2 O  HA-Cd+2 (G) 0.00
2HA-dum + Cu+2 O  HA-Cu+2 (G) 0.00
HA-dum + H+ O  HA-H+ (G) 0.00
2HA-dum + Pb+2 O  HA-Pb+2 (G) 0.00
2HA-dum + Zn+2 O  HA-Zn+2 (G) 0.00
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Table 11 (cont.)

SOM System #1 and #2 : Modeling Inputs for Reactions and Constants
[ SOM + Cadmium or Copper or Lead or Zinc ][NCMA]

and
[ SOM + Cadmium and Copper and Lead and Zinc ][CMA]

Primary Reactions Modeled Literature Data
[ Log K ]

Primary Diffuse Layer (D) Complexes4

2H+1 (D) + Ca+2 O  Ca+2 (D) + 2H+1 

2H+1 (D) + Cd+2 O  Cd+2 (D) + 2H+1 

2H+1 (D) + Cu+2 O  Cu+2 (D) + 2H+1 

2H+1 (D) + Pb+2 O  Pb+2 (D) + 2H+1 

2H+1 (D) + Zn+2 O  Zn+2 (D) + 2H+1

0.00
0.00
0.00
0.00
0.00

1 All reactions and associated constants for either solid or dissolved phase humic acid or 
fulvic acid from the database, shmgeneric.MDB, in Visual MINTEQ.

2 HFA-H is a composite surface that represents either solid or dissolved humic acid 
(HA-H) and fulvic acid (FA-H).

3 All reactions and associated constants are from the SHM gel parameters database in 
Visual MINTEQ and represent cations weakly complexed to the interior of the gel-like 
organic particle.

4 All reactions and associated constants are from the database, gthumic.cdb, in Visual 
MINTEQ and represent cations weakly held in the diffuse layer surrounding the 
organic particle.
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Table 13: FeOOH and Soil Organic Matter Weighting Factors (cont.)

FeOOH

Sample Location: 99-1-0-7 Total Organic Carbon (OC) ( g kg'1 soil ) 18.0

(mg-MC/kg-SOM)(kg-SOM/1 OOOg-SOM)( 1 g-SOM/0.53g-OC)( 18 .Og-OC/kg-soil) = 

Sample Location: 99-1-7-12 Total Organic Carbon (OC) ( g kg"1 soil ) 16.0

(mg-MC/kg-SOM)(kg-SOM/1 OOOg-SOM)( 1 g-SOM/0.53g-OC)( 16.0g-OC/kg-soil) =

1 WF x (mg-MC/kg-FeOOH) = mg-MC/kg-soil.

2 MC -  metal cation (i.e. cadmium, copper, lead, and zinc).

3 WF x (mg-MC/kg-SOM) = mg-MC/kg-soil.

Weighting Factors (WF)3

0.03

0.03



5.0 RESULTS AND DISCUSSION

O f the 21 soil samples collected in 1998 and 1999, four were selected for 

additional chemical analyses and inclusion in the modeling portion of this research. The 

four samples selected; 98-3-5-10, 98-3-20-25, 99-1-0-7, and 99-1-7-12, provided a range 

o f pHs, soil textures, organic carbon, and concentrations of soluble cadmium, copper, 

lead, and zinc and total aluminum and iron.

5.1 Laboratory Methods -  Leadville, CO Soils

5.1.1 Total Metals

The concentrations of total cadmium, copper, lead, and zinc in soil samples 98-3- 

5-10, 98-3-20-25, 99-1-0-7, and 99-1-7-12 are listed in Table 14. The four soil samples 

contain concentrations of cadmium, copper, lead and zinc that exceed both the range and 

average concentrations of metal cations in soils reported by Lindsay (2001). The Lindsay 

data are included in Table 14 for comparison. In sample 98-3-5-10, total cadmium, 

copper, lead, and zinc are 98.0, 435, 18,640, and 18,020 mg kg '1, respectively, while in 

98-3-20-25, total cadmium, copper, lead, and zinc are 146, 213, 14,440, and 14,120 mg 

kg '1, respectively. In sample 99-1-0-7, total cadmium, copper, lead, and zinc are 43.2, 

633, 4,435, and 7,760 mg kg '1, respectively. Total cadmium, copper, lead, and zinc in 

sample 99-1-7-12 are 11.2, 336, 3,233, and 1,822 mg kg'1, respectively. The 

concentrations o f cations reported for all 1998 and 1999 sample locations are included in
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Appendix B, Tables B1-B5. The data show the soils in this particular pasture still exhibit 

the impacts from past mining, smelting, and surface irrigation activities.

5.1.2 pH, Carbon Speciation, and Texture

Table 15 lists pH, carbon speciation, and soil texture for the four selected soils, 

while soil texture and carbon profiles for all 1998 and 1999 sample locations are reported 

in Appendix B, Figures B1-B10. The pH for the two 98-3 samples is 6.2, while the pHs 

for samples 99-1-0-7 and 99-1-7-12 are 5.6 and 4.1, respectively. Organic carbon 

constitutes 100 % of the total carbon reported in the two 99-1 samples and sample 98-3- 

20-25. In sample 98-3-5-10, organic carbon is approximately 95% with 5% inorganic 

carbon. Soil textures for samples 98-3-5-10 and 98-3-20-25 are loam and silty clay loam, 

respectively. The soil texture for the 99-1 samples is sandy loam.

The abrupt changes detected in texture, carbon content, major cation 

concentrations, and metals concentrations in the 1998 and 1999 soil profiles (Appendix 

B) are indicative of buried horizons described by Levy (1990). The data support the 

previous conclusions by Levy (1990) that these pasture soils have been inundated over 

the past century with contaminated materials from upgradient sources. The barren 

surface at location 99-1 and the changes noted in pH and concentrations o f major cations 

and metals as depth increased are reflective of the intermittent inflow of metal- 

contaminated materials from upgradient sources.
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Table 14. Leadville, CO soils - total metals concentrations

Sample Total Total Total Total Total Total Total
Location Aluminum Cadmium Copper Iron Lead Manganese Zinc

mg kg ' 1 mg kg ' 1 mg kg ' 1 mg kg ' 1 mg kg ' 1 mg kg ' 1 mg kg ' 1

98-3-5-10 45,860 98.0 435 61,876 18,640 3,375 18,020

98-3-20-25 50,880 146 213 117,520 14,440 8,741 14,120

99-1-0-7 42,860 43.2 633 60,949 4,435 3,770 7,760

99-1-7-12 38,870 1 1 .2 336 55,026 3,233 1,410 1,822

Range1 1 0 ,0 0 0 - 0 .0 1 - 2 - 7,000- 2 - 2 0 - 1 0 -
300,000 0.7 1 0 0 550,000 2 0 0 3,000 300

Average1 71,000 

1 Lindsay, 1979

0.06 30 38,000 1 0 600 50

Table 15. Leadville, CO soils - pH, carbon speciation, and texture

Sample
Location pH

Total
Carbon

Total Total 
Organic Inorganic 
Carbon Carbon

Sand Silt Clay

mg kg ' 1 mg kg ' 1 mg kg ' 1 % % %

98-3-5-10 6 .2 1 38,240 36,390 1,850 47.8 44.0 8 .2

98-3-20-25 6 .2 1 2 0 , 1 0 0 2 0 , 1 0 0 0 16.8 46.8 36.4

99-1-0-7 5.56 18,000 18,000 0 66.4 23.4 1 0 .2

99-1-7-12 4.15 16,050 16,050 0 58.1 33.7 8 .2
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5.1.3 X-Ray Diffraction Results

The Materials Characterization Laboratory at the University o f Wyoming, 

Laramie, WY conducted X-ray diffraction (XRD) and scanning electron microscopy 

(SEM) analyses of samples from the 99-1 location (Figures 1 and 2). The XRD data 

from Al-Farraj (2002) were used for the 98-3 location. The XRD data from both the 

University of Wyoming and Al-Farraj show a mixture o f smectites, illites, and kaolinite 

as the primary clay minerals in these soils. The University of Wyoming data indicate 

also the presence of jarosite [KFe3(S0 4 )(0 H)6], an iron sulfate mineral, and small round 

amorphous particles in the 2-5p range. The particles detected are most likely pyrite 

(FeS2). The SEM data confirm the presence of significant quantities o f iron, sulfur, and 

zinc in the 99-1 samples.

5.1.4 Changes in Extraction Methodology

Preliminary comparisons of predicted metal partitioning with experimental data 

generated in 2000 were poor. Initially, it was assumed the poor fit o f predicted values to 

experimental data was due to the assumptions, conversions, multipliers, weighting 

factors, or binding constants used in developing the surrogate soils and the predictive 

modeling approach. Based on an extensive review of surrogate soil parameters and 

model inputs, the conclusion was the source of poor correlation was not the general 

modeling approach. Selective extraction procedures used in 2000 were evaluated and at 

least two potential problems identified.
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Figure 1. XRD data for sample 99-1-0-7
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Figure 2. XRD data for sample 99-1-7-12

Sample 99-1-7-12 (Ethylene Glycolated)
6000

5500

4500

K>

S-smectite

K-kao unite

I-illite

J-jarosite

Q-quartz

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35



The first issue evaluated was the use o f the horizontal shaker system (HSS) during 

the selective extraction process. Use of the HSS causes significant disruption of the soil 

structure and maximizes the recovery o f metals. Concentrations of metals recovered by 

this method are greater than the concentrations of metals expected under less aggressive 

techniques such as the filtration of extractant solutions through columns. Since the goal 

o f this modeling approach is to predict metal partitioning in relatively undisturbed 

contaminated soils and not the partitioning of metals in soil suspensions subjected to 

intensive agitation similar to the HSS, the conclusion is the selective extraction 

procedures should incorporate a less aggressive physical extraction procedure. 

Therefore, to determine whether a less aggressive extraction procedure would generate 

data that correlated better with predicted values, cation exchange capacity (CEC) was 

measured in 2003 using a vacuum extraction system (VES).

The second issue evaluated was the use of DIW to recover soluble metals. As 

previously described in section 4.5.5, soluble metals concentrations are the most critical 

model inputs because the data are used in conjunction with regression equations to 

calculate predicted concentrations of metals. The problems identified with the DIW 

extraction procedure were; 1 . no measurable concentrations o f soluble cadmium were 

obtained for any soil sample, 2. in sample 99-1-0-7, more copper was recovered with 

DIW than with 0.5M Ca(NC>3)2 , and 3. very high zinc concentrations (i.e. 2.63-16.5 mg 

L '1) and very low copper (<0.5 mg L '1) and lead (<2 mg L '1) were recovered with DIW. 

The inconsistent soluble metals data resulted in wide variations in the predicted 

concentrations of exchangeable, sorbed, and complexed metals.
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Although, the DIW extraction procedure did recover small quantities o f cadmium, 

higher concentrations of cadmium were detected in the DIW blanks. The cause of 

cadmium contamination in the blanks is unknown, but the subtraction o f blank cadmium 

concentrations from sample cadmium concentrations resulted in values o f less than the 

method detection limit (<MDL). To generate useable model inputs for soluble cadmium, 

empirical equations proposed by Sauve (1999, 2000a) were used in place o f experimental 

data. Sauve’s empirical equations are based on total metals, pH, and carbon data from 

large sets of environmental data. The use of cadmium concentrations calculated from 

empirical equations versus experimental soluble metals data probably had a significant 

impact on the poor fit of predicted concentrations of exchangeable, sorbed, and 

complexed cadmium to experimental data.

The recovery o f more copper with DIW than 0.5M Ca(NC>3)2 in 99-1-0-7 and the 

recovery of high levels of zinc with DIW are most likely related to the twin increase in 

colloidal particles in solution and the solubilization of humic materials during the 

aggressive extraction process. Preliminary modeling of copper complexation with soil 

organic matter using Visual MINTEQ’s Stockholm Humic Model (SHM) predicted 

copper, which preferentially binds to humic acids (HA) and fulvic acids (FA), would be 

transferred to the solution phase as complexed copper during the solubilization o f HA 

and FA.

The SHM predicted also that a significant percent of the total zinc present in these 

soils would be located in the diffuse layer surrounding HA and FA particles or as charge
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screening ions. Diffuse layer (i.e. D complexes) and charge screening (i.e. G complexes) 

metals such as zinc, are weakly held and easily extracted with DIW.

The preliminary SHM predictions support earlier conclusions by Gerritse and Van 

Driel (1984), McBride et al. (1997), and Sauve et al. (1999, 2000b) that the extraction of 

soils with DIW could solubilize metal-HA, -FA complexes resulting in the recovery of 

complexed metals in addition to water soluble metals.

As a result of the problems associated with DIW extraction o f these soils, soluble 

metals concentrations were measured in 2003 using 0.01M Ca(NOs)2  as recommended by 

McBride et al. (1997) and Sauve et al. (1999, 2000b). Use o f 0.01M Ca(N0 3 ) 2  as an 

extractant for soluble metals minimized the solubilization of metal-HA, -FA complexes. 

Based on the results of CEC measurements and the subsequent re-analyses of these four 

soils for soluble metals; the extraction o f metals with 0.03M La(NC>3)3 and 0.05M 

Pb(NOs)2  were conducted a second time in 2004 using the VES. Comparison o f the 2000 

and 2003-2004 datasets are discussed in section 5.1.6.

Based on the previous discussions regarding selective extraction procedures, 

operational definitions are provided below regarding the types of bound metal cations 

recovered by the different extractant solutions tested. The term “soluble metals” 

describes soluble metal ions and complexes which are not bound to any charged solid or 

act as charge neutralizing cations. The term “exchangeable metals” includes solvated 

metal ions and complexes that are bound by electrostatic forces (i.e. non-specific 

adsorption) to the charged surface of a solid as an outer-sphere complex or located in the 

diffuse layer surrounding a charged particle as charge neutralizing cations. The terms
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“sorbed metals”, which are associated with clay minerals and oxides, and “complexed 

metals”, which are associated with SOM, include metal ions and complexes bound by 

ionic or covalent bonding (i.e. specific adsorption) to the charged surface of solids as 

inner-sphere complexes.

5.1.5 Cation Exchange Capacity (CEC)

The Soil Testing Laboratory at Colorado State University, Fort Collins, CO 

measured CEC using a VES in conjunction with the method described by Sumner and 

Miller (1996). The method is described in detail in section 4.3.2. The CEC was 

calculated two different ways, the first was based on the amount o f N H /  recovered by 

0.2M KNO3 and the second was based on the sum of all cations recovered by the three 

solutions (i.e. 0.2M NH4CI, DIW, and 0.2M KNO3). Tables 16-19 list the results of both 

CEC calculations for the four soil samples. As depth increases, the CEC at location 98-3 

increases from 17.5 to 18.4 cmolc kg ' 1 while at location 99-1, the CEC decreases slightly 

from 10.6 to 10.1 cmolc kg '1. The lower CEC in the more acidic 99-1 soil profile is due 

to the smaller concentrations o f available exchange sites caused by the combination of 

lower organic carbon, lower clay content, and higher sand content.

Comparison of CECs calculated by both methods for each soil sample show that 

analyzing for and summing each individual cation is approximately as accurate as the 

CEC based on the concentration of NJTt+ reported. The result is somewhat surprising 

since the calculation o f CEC by summing individual cations includes soluble cations
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Table 16. Sample 98-3-5-10 cation exchange capacity

98-3-5-10 NH 4C1 DIW
Extraction Extraction

Cations mg kg ' 1 mg kg ' 1

Ca 658 171
Mg 401 106
Na 301 116
K 64.6 22.4
P 0.280 0.360
Al 5.20 0 . 0 1 0
Fe 46.4 0.440
Mn 8 . 2 0 2.97
Ti 13.3 1 .2 0
Cu 1 .1 2 0.440
Zn 301 127
Ni 0.290 0.070
Mo 0.490 0.180
Cd 23.1 5.80
Cr 0 . 0 1 0 0 . 0 1 0
Sr 0.990 0.320
B 0 . 2 2 0 0.090
Ba 1.90 0.360
Pb 77.1 1.17
Si 13.2 13.7
V 1.60 0.600

Total Acidity 
Total CEC (cmolc/kg)
NH4+ CEC (cmolc/kg)
Total CEC / NH4+ CEC (%)

k n o 3 Total Cations
Extraction Extracted

mg kg ' 1 mg kg ' 1

236 1065
78.3 585
42.5 460

0 . 0 0 0 87.0
0 . 0 1 0 0.650
0.390 5.60
0.380 47.2
4.80 16.0
2.40 16.9

0.180 1.74
218 646

0.050 0.410
0.370 1.04
3.37 32.3

0 . 0 1 0 0.030
1.11 2.42

0 . 1 1 0 0.420
15.6 17.9
9.50 87.8
8 . 1 0 35.0

0.670 2.87

Total Cations Cation/
Extracted Total CEC
cmolc kg ' 1 %

5.31 30.8
4.82 27.9
2 . 0 0 11 .6

0.223 1.29
0 . 0 1 0 0.06
0.062 0.36
0.254 1.47
0.058 0.34
0.141 0.82
0.005 0.03
1.98 11.4

0 .0 0 1 0.01
0.007 0.04
0.057 0.33
0 . 0 0 0 0 .0 0
0.006 0.03
0 . 0 1 2 0.07
0.026 0.15
0.085 0.49
0.498 2.89
0 . 0 2 0 0 .11
1.70 9.84
17.3
17.5
98.7
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Table 17. Sample 98-3-20-25 cation exchange capacity

98-3-20-25 NH4C1 D IW

Extraction Extraction
Cations mg kg ' 1 mg kg ' 1

Ca 1033 92.3
Mg 440 40.9
Na 59.8 4.60
K 98.2 18.7
P 0 . 0 1 0 0 . 1 0 0
Al 9.10 3.00
Fe 49.0 1.50
Mn 13.9 7.25
Ti 12.9 2.40
Cu 0.820 0.300
Zn 329 146
Ni 0.410 0.040
Mo 0.550 0 . 2 2 0
Cd 41.1 5.80
Cr 0 . 1 2 0 0 . 0 1 0
Sr 1.95 0.190
B 0.190 0.030
Ba 8 .0 0 0.880
Pb 58.3 19.0
Si 2 0 .6 17.7
V 0.900 0.400

Total Acidity 
Total CEC (cmolc/kg)
NH4+ CEC (cmolc/kg)
Total CEC /N H 4+ CEC (%)

k n o 3 Total Cations
Extraction Extracted

mg kg ' 1 mg kg ' 1

111 1236
32.2 513
33.0 97.4

0 . 0 0 0 117
0 . 0 1 0 0 . 1 2 0
1.40 13.5

0.400 50.9
4.40 25.6
3.50 18.8

0.190 1.31
163 638

0.030 0.480
0.250 1 .0 2
3.16 50.1

0 . 0 1 0 0.140
0.520 2 .6 6
0 . 1 0 0 0.320
18.9 27.8
2 2 . 2 99.5
7.00 45.3

0.270 1.57

Total Cations Cation/
Extracted Total CEC
cmolc kg"1 %

6.17 36.8
4.22 25.2

0.424 2.53
0.299 1.79
0 .0 0 2 0 .0 1
0.150 0.90
0.273 1.63
0.093 0.56
0.157 0.94
0.004 0 . 0 2
1.95 1 1 .6

0 .0 0 2 0 .0 1
0.006 0.04
0.089 0.53
0 .0 0 1 0 . 0 0
0.006 0.04
0.009 0.05
0.040 0.24
0.096 0.57
0.645 3.85
0 .0 1 1 0.06
2 .1 0 12.5
16.8
18.4
91.0
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Table 18. Sample 99-1-0-7 cation exchange capacity

99-1-0-7 NH4C1 DIW
Extraction Extraction

Cations mg kg ' 1 mg kg ' 1

Ca 460 74.9
Mg 157 28.1
Na 36.6 4.30
K 74.8 19.9
P 0 . 0 1 0 0 . 0 1 0
Al 2 .2 0 0.190
Fe 8.30 1.11
Mn 66.9 14.2
Ti 9.50 1.30
Cu 1.43 0.180
Zn 196 53.8
Ni 0.330 0 . 0 2 0
Mo 0.330 0.080
Cd 6 .0 0 0.900
Cr 0 . 0 1 0 0 . 0 1 0
Sr 0.370 0 . 1 2 0
B 0.130 0.050
Ba 1.50 0 . 2 0 0
Pb 7.10 1.42
Si 9.30 8.80
V 0.300 0.740

Total Acidity 
Total CEC (cmolc/kg)
NH4+ CEC (cmolc/kg)
Total CEC / NH4+ CEC (%)

k n o 3 Total Cations
Extraction Extracted

mg kg' 1 mg kg ' 1

130 665
34.5 2 2 0
37.2 78.1

0 . 0 0 0 94.7
0 . 0 2 0 0.040
0 . 0 1 0 2.40
0.140 9.55
25.1 106
4.10 14.9

0 .2 2 0 1.83
113 363

0.070 0.420
0.160 0.570
0.970 7.87
0 . 0 1 0 0.030
0.300 0.790
0.160 0.340
2 .2 0 3.90
3.80 12.3
4.90 23.0

0.870 1.91

Total Cations Cation/
Extracted Total CEC
cmolc kg"1 %

3.32 37.3
1.81 20.3

0.340 3.82
0.242 2.72
0 .0 0 1 0 .0 1
0.027 0.30
0.051 0.58
0.387 4.34
0.125 1.40
0.006 0.06
1.11 12.5

0 .0 0 1 0 .0 2
0.004 0.04
0.014 0.16
0 .0 0 0 0 .0 0
0 .0 0 2 0 .0 2
0.009 0 .1 1
0.006 0.06
0 .0 1 2 0.13
0.328 3.68
0.013 0.15
1 .10 12.4
8.90
10 .6

84.0
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Table 19. Sample 99-1-7-12 cation exchange capacity

99-1-7-12 NH4C1 DIW
Extraction Extraction

Cations mg kg ' 1 mg kg ' 1

Ca 521 36.9
Mg 2 0 0 12.9
Na 49.6 2 .0 0
K 111 6.50
P 0 . 0 1 0 0 .0 1 0
Al 16.2 0 . 0 1 0
Fe 6 6 .1 2.27
Mn 81.5 12.1
Ti 8.90 1 .1 0
Cu 6.61 1.29
Zn 187 38.9
Ni 0.540 0.050
Mo 0.290 0.030
Cd 3.40 0.470
Cr 1 .0 0 0 . 0 1 0
Sr 0.340 0 . 1 0 0
B 0.160 0.030
Ba 2.80 0.530
Pb 54.4 7.28
Si 7.20 1 1 .6
V 0.400 0 . 0 1 0

Total Acidity 
Total CEC (cmolc/kg)
NH4+ CEC (cmolc/kg)
Total CEC / NH4+ CEC (%)

k n o 3 Total Cations
Extraction Extracted

mg kg ' 1 mg kg ' 1

82.5 640
19.0 232
35.9 87.5

0 . 0 0 0 118
0 . 0 1 0 0.030
2 2 .1 38.3
2.40 70.8
23.3 117
2.90 12.9
3.33 1 1 .2
93.8 320

0.140 0.730
0.160 0.480
0.740 4.61
0 . 0 1 0 1 .0 2
0.350 0.790
0 . 1 2 0 0.310

1 2 .0 15.3
35.9 97.6
5.20 24.0

0.740 1.15

Total Cations Cation //
Extracted Total CEC
cmolc kg ' 1 %

3.20 33.5
1.91 2 0 .0

0.381 3.99
0.301 3.15
0 . 0 0 0 0 .0 1
0.426 4.47
0.380 3.99
0.426 4.46
0.108 1.13
0.035 0.37
0.978 10.3
0 . 0 0 2 0.03
0.003 0.03
0.008 0.09
0.004 0.04
0 .0 0 2 0 .0 2
0.009 0.09
0 .0 2 2 0.23
0.094 0.99
0.342 3.59
0.008 0.08
0.900 9.44
9.53
10.1

94.4



recovered during the treatment of the soil with NH4CI-DIW-KNO3 . The N H /  method 

excludes the recovery and reporting o f soluble cations.

The advantages of summing each cation recovered are the determination o f each 

cation’s impact on the overall CEC and as a check on the relative efficiencies o f the 

various extractant solutions. The CECs calculated by summing each cation’s 

concentration are 99% (98-3-5-10), 91% (98-3-20-25), 84% (99-1-0-7), and 94% (99-1- 

7-12) o f the reported CECs based on NH/recovery.

The percent of total CEC occupied by calcium, magnesium, sodium, and 

potassium ranges from 61 to 72% with the lowest percentages found in the more acidic 

99-1 soil profile. O f interest is the percent of total CEC occupied by cadmium, copper, 

lead, and zinc. Exchangeable zinc concentrations range from 10 to 13% of the total CEC, 

while the concentrations of exchangeable cadmium, copper, and lead are all less than 1%. 

The results can be partially explained based on the location of sorption, binding strength 

of the four metals, and their total concentrations in the four soils. Based on reported 

metal cation affinity sequences for clay minerals (Farrah et al., 1980), FeOOH (Dzombak 

and Morel, 1990), and humic substances (Gustafsson, 2004), zinc is less strongly bound 

to these materials than lead and copper. As a consequence, lead and copper can compete 

more successfully than zinc for available strong binding sites associated with the clay, 

FeOOH and SOM fractions. Thus, the very high concentrations of lead and zinc in these 

four soils means a higher percent of the zinc than lead will associate with exchangeable 

and weak binding sites in these soils.

1 0 1
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5.1.6 Comparison of Data from 2000 and 2003-2004 Extraction Methods

As discussed in section 5.1.4, the poor comparison between predicted 

concentrations of metals and experimental data was potentially caused by problems in the 

extraction methods used in 2000. The two modifications made in the 2003-2004 

extraction methods were the replacement of DIW with 0.01M Ca(N0 3 ) 2  to extract soluble 

metals and the replacement of the HSS with the VES. Table 20 lists the concentrations of 

metals recovered with the different extractant solutions and physical extraction systems 

in 2000 and 2003-2004. Although soluble metals concentrations are normally reported in 

units o f mg L '1, soluble metals concentrations have been converted to mg kg ' 1 in Table 20 

to simplify comparisons between methods and extractant solutions.

Comparison of Metals Recovered by DIW and 0.01M CaflNfOfb Extractant Solutions

The reported cadmium values using DIW are less than the method detection limit 

in all soils. The 0.01M Ca(N0 3 ) 2  procedure recovered 3.20 (0-7 cm) and 9.08 (7-12 cm) 

mg kg ' 1 from the 99-1 soil profile and 33.4 (5-10 cm) and 37.6 (20-25 cm) mg kg ' 1 from 

the 98-3 soil profile. The concentrations of cadmium reported for the 0.01M Ca(NC>3)2 

extraction procedure are 20-33% of the total cadmium measured in these soils.

Excluding sample 99-1-0-7, DIW and 0.01M Ca(N0 3 ) 2  recovered approximately 

the same amount of copper (i.e. 0.200-1.56 mg kg '1) from these soils. The copper 

concentrations reported are <1% of the total copper measured. In 99-1-0-7, DIW 

recovered 16.4 mg kg ' 1 and 0.01M Ca(NC>3)2 recovered 0.320 mg kg '1, representing 2.6% 

and < 1 % of the total copper measured, respectively.

1 0 2
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Table 20. Comparison o f experimental data from the 2000 and 2003-2004 selective extraction procedures

oUJ

(2 0 0 0 ) (2 0 0 0 ) (20 0 0 ) (2 0 0 0 ) (2 0 0 0 ) (2003) (2003) (2004) (2004)
Total Water Exchangeable Lanthanum Lead Calcium Exchangeable Lanthanum Lead

Metals1 Soluble Metals3 Extractable Extractable Soluble Metals7 Extractable Extractab
Metals2 Metals4 Metals5 Metals6 Metals8 Metals9

Sample Metal mg kg' 1 mg kg' 1 mg kg' 1 mg kg' 1 mg kg"1 mg kg' 1 mg kg' 1 mg kg' 1 mg kg' 1
98-3-5-10 Cd 98.0 0 .120* 49.7 48.9 59.8 33.4 32.3 45.6 106

Cu 435 1.20 5.19 6.14 64.8 0.720 1.74 1.24 67.4
Pb 18,640 74.0 1,490 3,358 NA 9.40 87.8 91.2 NA
Zn 18,020 472 2,490 3,162 5,789 163 646 152 794

98-3-20-25 Cd 146 0 .120* 68.4 68.7 88.0 37.6 50.1 72.5 97.3
Cu 213 0 .2 0 0 * 0.520 0.540 12.2 0.240 1.31 0.344 3.10
Pb 14,440 1.0 0 * 218 689 NA 1.24 99.5 31.7 NA
Zn 14,120 184 2,249 3,000 4,740 133 638 131 443

99-1-0-7 Cd 43.2 0 .120* 12.7 12.8 18.1 9.08 7.87 15.6 29.0
Cu 633 16.4 9.24 19.8 119 0.320 1.83 0.596 103
Pb 4,435 4.48 39.2 121 NA 0.320 12.3 12.1 NA
Zn 7,760 660 1,226 1,666 2,903 65.2 363 91.6 296

99-1-7-12 Cd 11.2 0 .120* 2.23 0.590 0.800 3.20 4.61 4.76 5.35
Cu 336 1.56 26.3 33.7 49.6 1.04 11.2 10.1 54.1
Pb 3,233 5.32 279 328 NA 3.48 97.6 120 NA
Zn 1,822 105 328 385 412 32.1 320 38.5 49.2

1- h n o 3-h c io 4-h f
2- DIW with shaker system
3- 0.5M Ca(N03)2 with shaker system
4- 0.03M La(NO3)3-0.1M Ca(N03)2 with shaker system
5- 0.05M Pb(NO3)2-0.1M Ca(N03) 2 with shaker system

6 - 0.01M Ca(N03)2 with vacuum extraction system
7- NH4C1-DIW-KN03 with vacuum extraction system
8- 0.03M La(NO3)3-0.1M Ca(N03)2 with vacuum extraction system
9- 0.05M Pb(NO3)2-0.1M Ca(N03)2 with vacuum extraction system 
*- One-half of method detection limit



At the 99-1 location, DIW recovered 4.48 (0-7 cm) and 5.32 (7-12 cm) mg kg ' 1 of 

lead, while 0.01M Ca(N0 3 ) 2  recovered 0.320 (0-7 cm) and 3.48 (7-12 cm) mg kg ' 1 of 

lead. At the 98-3 location, DIW recovered significantly more lead from the 98-3-5-10 

sample (i.e. 74.0 mg kg '1) than 0.01M Ca(NC>3)2 (i.e. 9.40 mg kg '1). For the 98-3-20-25 

sample, DIW and 0.01M Ca(N0 3 ) 2  recovered the same amount of lead, 1.00 and 1.24 mg 

kg '1, respectively. The reported lead concentrations for all samples are <0.4% of the total 

lead measured.

Excluding sample 98-3-20-25, DIW recovered approximately 3-10X more zinc 

than 0.01M Ca(N0 3 ) 2  in all samples. In 98-3-20-25, DIW recovered 184 mg kg’W  zinc, 

while 0.01M Ca(NC>3)2 recovered 133 mg kg ' 1 of zinc. The reported concentrations of 

zinc are <8.5% of the total zinc measured.

The data indicate that on a percent basis, a significant fraction o f the total 

cadmium (i.e. 20-33%) present in these soils is potentially bioavailable (i.e. soluble) 

versus <1% for copper, <0.4% for lead, and <8.5% for zinc. However, the very high 

concentrations of lead and zinc in the Leadville soils translate into significant 

concentrations o f potentially bioavailable lead and zinc being measured.

Comparison o f Metals Recovered by Calcium. NLLtCl-DIW-KNCh, Lanthanum, and Lead 

Extractant Solutions

In the following subsections, the total amount of each metal recovered by the 

various extractant solutions tested are compared. Based on a comparison of recoveries, 

conclusions are made as to a solution’s relative selectivity and extraction efficiency.
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Cadmium

For cadmium, two of the four extractants used in 2000, 0.5M Ca(NC>3)2 and 

0.03M La(NC>3)3, and three of the four extractants used in 2003-2004, 0.01M Ca(N0 3 )2 , 

NH4CI-DIW-KNO3, and 0.03M La(NC>3)3, recovered approximately the same amounts of 

cadmium. Lead nitrate, which was used in 2000 and 2004, extracted approximately 1.5- 

2.0X the amount o f cadmium recovered by the other extractants. On a percent basis, the 

fraction o f total cadmium recovered by the first five extractants ranges from 20-50%, 

while 0.05M Pb(N0 3 ) 2  recovered 48-108% in 2004 and 7.1-61% in 2000. The data 

indicate up to 50% of the total cadmium reported for these soils was located in the soil 

solution, adsorbed to exchange sites, or weakly complexed by HA and FA. The 

remaining 50% appears to be bound to sorption sites on oxide minerals or strongly 

complexed by HA and FA. Based on the data, cadmium exhibits a higher potential than 

the other three metals to leach through the soil profile.

The slight differences in exchangeable (i.e. 0.5M CafNCfL and NH4CI-DIW- 

KNO3) and lanthanum-extractable cadmium concentrations between 2000 and 2003-2004 

appear to show the use of the HSS may have increased the recovery o f cadmium over the 

VES. However, the VES appears to significantly increase lead-extractable cadmium. 

The reason for this distinct difference between the two systems is unknown.

Copper

Excluding sample 99-1-7-12, the three extractants, DIW, 0.5M Ca(N0 3 )2 , and 

0.03M La(N0 3 )3, used in 2000 recovered approximately the same amount o f copper. A
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similar trend is noted for the three extractants, 0.01M Ca(N0 3 )2, NH4CI-DIW-KNO3 , and 

0.03M La(N0 3 )3, used in 2003-2004, except the range of concentrations reported for 

copper in 2003-2004 are lower than the range o f concentrations reported for 2000. The 

data indicate the HSS had a greater impact on the recovery of copper in these soils than 

the VES. The data suggest also that 0.03M La(NC>3)3 is not any more efficient with 

regards to copper extraction than the other extractants tested. The finding is contrary to 

the conclusions of Miller et al (1986), who determined La(NC>3)3 was capable of 

extracting strongly sorbed copper. Excluding sample 99-1-7-12, the extraction of copper 

by the extractant solutions listed above account for <3% of the total copper present in 

these soils.

Approximately the same amount of copper was recovered by 0.05M Pb(NOi)2  in 

both 2000 and 2004, indicating there is no impact on the recovery o f lead-extractable 

copper using either physical extraction system. On a percent basis, 0.05M Pb(N0 3 ) 2  

recovered significantly more copper (i.e. 5.7-19% of total copper) than the other 

extractants.

In sample 99-1-7-12, DIW and 0.01M Ca(NC>3)2 recovered approximately the 

same amount of copper (i.e. <0.3% of total copper), while 0.5M Ca(N0 3 )2 , 0.03M 

La(N0 3 )3, and NH4CI-DIW-KNO3 extracted significantly higher concentrations of 

copper. The amounts of copper recovered by 0.05M Pb(N0 3 ) 2  in both years are similar 

and the concentrations reported are 1.5-5.OX higher than the concentrations o f copper 

recovered by the weaker extractant solutions.
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None of the extractants recovered more than 20% of the total copper present in 

these soils suggesting either the solutions selected for copper recovery are unable to 

extract sorbed or complexed copper or the majority of copper is unrecoverable for other 

reasons. Considering these soils have been receiving metals for more than 100 years, it is 

possible that a significant percent of the copper exists as a precipitate on solid surfaces or 

is partly occluded in the crystal structure o f secondary minerals.

Lead

Comparison of lead data from both years indicates a significant impact on the 

recovery of lead between the two physical extraction systems used. The HSS extracted 

2-36X more lead than the VES and increased the effectiveness o f 0.03M La(N0 3 ) 3  to 

extract lead as evidenced by the recovery o f 1.5-4.OX more lead than 0.5M Ca(N0 3 )2 . In 

2004, the extraction efficiency of 0.03M La(NC>3)3 was much less distinct with La(N0 3 ) 3  

and NH4CI-DIW-KNO3 extracting similar quantities of lead from the two surface 

samples, 98-3-5-10 and 99-1-0-7. The NH4CI-DIW-KNO3 sequence recovered 3X more 

lead than 0.03M La(N0 3 ) 3  from sample 98-3-20-25 and 0.03M La(N0 3 ) 3  recovered 33% 

more lead than NH4CI-DIW-KNO3 in sample 99-1-7-12.

Since no comparison between the lanthanum and lead extractant solutions was 

possible, the selectivity and extraction efficiency of 0.03M La(N0 3 ) 3  for recovering lead 

can not be determined. On a percent basis, approximately 90% of the total lead reported 

in these soils was unrecovered. The data indicate the possibility that lead, similar to 

copper, exists as a precipitate on solid surfaces or is partly occluded in the crystal
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structure of secondary minerals. Based on these findings and data from sorption- 

desorption experiments conducted using specimen materials (section 5.2.4), it appears 

0.03M La(N0 3 ) 3  is unable to extract sorbed or complexed lead and has no greater 

selectivity for lead than NH4CI-DIW-KNO3 .

Zinc

Trends in the recovery of zinc are very similar to those described for the 

extraction of lead. There is a significant impact on the recovery o f zinc using the HSS 

versus the VES. The HSS recovered 4-23X more zinc than the VES. In 2000, 0.05M 

Pb(N0 3 ) 2  recovered significantly more zinc than 0.03M La(NC>3)3 and 0.03M La(NC>3)3 

recovered significantly more zinc than 0.5M CafNCf^ in all soils. On a percent basis, 

zinc recoveries for the different extractants range from 21-37% for 0.05M Pb(N0 3 )2 , 18- 

31% for 0.03M La(N03)3, and 14-18% for 0.5M Ca(N03)2.

Excluding sample 98-3-5-10, 2004 data show completely different results in that 

NH4CI-DIW-KNO3 recovered more zinc than either 0.03M La(N0 3 ) 3  or 0.05M 

Pb(N0 3 )2 . O f the three extractant solutions, La(N0 3 ) 3  extracted the least amount of zinc. 

In sample 98-3-5-10, 0.05M Pb(N0 3 ) 2  extracted 23% more zinc than NH4CI-DIW-KNO3 . 

On a percent basis, zinc recoveries range from 3.6-18% for NH4CI-DIW-KNO3, 2.7-4.4% 

for 0.05M Pb(N0 3 )2, and <2.1% for 0.03M La(N0 3 )3 . The reason for the higher zinc 

recoveries using NH4CI-DIW-KNO3 rather than 0.05M Pb(N0 3 ) 2  is uncertain, but may 

be associated with the use of DIW during the analyses of cation exchange capacity. The 

DIW may have increased total zinc recoveries by extracting some additional complexed
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zinc. However, even subtracting out the zinc recovered during the DIW step in the CEC 

procedure (Tables 16-19), NH4CI-DIW-KNO3 is as effective as 0.05M Pb(N0 3 ) 2  in three 

soils and significantly more effective in the fourth soil. The reason for the significant 

decrease in zinc recovery using 0.03M La(N0 3 ) 3  compared to NH4CI-DIW-KNO3 is 

unknown.

Summary

The experimental data indicate the physical component of these selective 

extraction procedures can have a very significant impact on the extraction of certain 

metals like lead and zinc and essentially no impact on the recoveries o f other metals, such 

as cadmium and copper. The extraction efficiency of 0.03M La(N0 3 ) 3 and 0.05M 

Pb(NC>3)2 with regards to lead and zinc increased using the HSS.

Based on earlier work by Miller et al (1986), 0.03M La(NC>3)3 was originally 

selected to recover sorbed and complexed metals in these soils. However, the data show 

0.03M La(N0 3 ) 3  acts more like a weak electrolyte solution [i.e. 0.01M Ca(N0 3 )2] or as 

an extractant used in the recovery of exchangeable metals (i.e. NH4CI-DIW-KNO3). This 

result supports previous conclusions reported by Jarvis (1986), Brookins (1989), and 

Janssen et al (2003a,b).

The data show also, particularly in the case of lead and zinc, that despite very 

high total concentrations, only low lead and zinc concentrations are recovered during the 

selective extraction process. The same general trend is noted for cadmium and copper, 

which were present in these soils at much lower concentrations than lead and zinc. The
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cause for this particular result is uncertain, but it may be related to a combination of the 

inability o f the various solutions to fully extract these metals from targeted sorption sites 

and their existence in these soils as precipitates.

Based on the comparison of 2000 and 2003-2004 data and the reasons stated in 

the introduction o f this section, the VES was selected as the physical extraction 

component for these procedures. Soluble metal cations were recovered with 0.01M 

Ca(N0 3 )2, while 0.05M Pb(NC>3)2 was used to recover sorbed and complexed cadmium, 

copper, and zinc. No comparison of predicted sorbed and complexed lead with 

experimental lead data can be made due to the fact that 0.03M La(NC>3)3 was unable to 

extract sorbed and complexed lead from these soils. Due to the unexpected high zinc 

recoveries using NH4CI-DIW-KNO3 in 2004, 0.03M La(NC>3)3 was selected to recover 

exchangeable metals in these soils.

5.2 Laboratory Methods -  Specimen Materials

The objective of the adsorption/desorption experiments conducted on specimen 

materials (kaolinite, Pahokee peat, and synthetic iron oxide) was to calculate selectivity 

coefficients and sorption and complexation constants. The specimen materials and their 

associated binding constants were to be used to predict the partitioning of cadmium, 

copper, lead, and zinc in various soil solid fractions. One set o f adsorption/desorption 

experiments were conducted in a single-metal system which involved the addition of one 

metal (i.e., cadmium, copper, lead, or zinc) at a concentration of approximately 4.8 umol 

g' 1 o f oven-dried specimen material. The second set of experiments were conducted in a
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multi-metal system which involved the addition of all four metals under the same 

experimental conditions as the single-metal experiments.

Values for Vanselow selectivity coefficients [Eq. 6  and 7] and sorption constants 

[Eq. 12 and 13] were calculated for both metal systems involving kaolinite. However, 

constant values could not be calculated for peat or FeOOH specimen materials. The 

sorptive capacities o f peat and FeOOH exceeded the amount of each metal added 

individually or in combination thus, preventing the ability to calculate constant values.

As a result, the selectivity coefficients and sorption constants calculated for 

kaolinite (Tables 2 and 3) were used in the modeling portion of this research, while the 

sorption constants listed for FeOOH (Table 9) and the complexation constants listed for 

organic materials (Table 11) were obtained from the literature. The selectivity 

coefficients and sorption constants listed for illite (Table 5) and montmorillonite (Table 

7) were also obtained from the literature. The one benefit of the adsorption/desorption 

experiments was the qualitative determination of the selectivity and extraction efficiency 

o f the two solutions used, 1.0M KNO3 and 0.03M Fa(N0 3 )3-0 .0 1 M Ca(N0 3 )2 .

5.2.1 Kaolinite

The amount of each metal bound to kaolinite is reported as a percent o f the total 

amount o f each metal added. Sorption percentages ranged from 3.4 to 3.1% for cadmium 

(Figures 3 and 4), 13 to 11% for copper (Figures 5 and 6 ), 27 to 17% for lead (Figures 7 

and 8 ), and 5.6 to 5.7% for zinc (Figures 9 and 10). The low sorption percentages 

reported indicate the amount of metals added exceed the sorptive capacity of kaolinite.
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Figure 3. Kaolinite system with cadmium [cadmium sorption/desorption]
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Figure 4. Kaolinite system with cadmium, copper, lead, and zinc 
[cadmium sorption/desorption]
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Figure 5. Kaolinite system with copper [copper sorption/desorption]
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Figure 6 . Kaolinite system with cadmium, copper, lead, and zinc 
[copper sorption/desorption]
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Figure 7. Kaolinite system with lead [lead sorption/desorption]
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Figure 8 . Kaolinite system with cadmium, copper, lead, and zinc 
[lead sorption/desorption]
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Figure 9. Kaolinite system with zinc [zinc sorption/desorption]
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Figure 10. Kaolinite system with cadmium, copper, lead, and zinc 
[zinc sorption/desorption]
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O f interest is the finding that the amount of lead bound to kaolinite decreased 

43% between the two systems, while copper decreased 12%, cadmium decreased 10%, 

and zinc increased 17%. Some portion o f the cadmium decrease and zinc increase was 

the influence of measurement variation at the low metals concentrations reported. The 

result is unexpected because lead is more strongly bound to kaolinite than the other three 

metals. A smaller decrease in bound lead and larger decreases in bound cadmium, 

copper, and zinc would have been expected in the multi-metal system. Based on total 

lead recoveries reported for the single-metal (47%) and multi-metal (91%) systems, it is 

possible the reported amount of lead bound to kaolinite in the single-metal system 

included the formation of inner-sphere complexes or surface precipitates, which were not 

recoverable. The competitive sorption of four metals in the multi-metal system may have 

inhibited the formation o f lead complexes or surface precipitates.

The extraction of metals by 1.0M KNO3 , which includes soluble and 

exchangeable metals (i.e. exchangeable metals), is reported as a percent of the total 

amount o f each metal bound to kaolinite. The percent recovery o f exchangeable metals 

in the single-metal system versus the multi-metal system remained the same for cadmium 

(97%), decreased for copper (72 to 57%), increased for lead (33 to 65%), and increased 

slightly for zinc (82 to 89%). The 32% increase in exchangeable lead is a combination of 

the 43% decrease in the total amount o f lead bound to kaolinite and a 15% increase in 

exchangeable lead. The percentages reported for the other three metals are also a 

combination o f decreases in the total amount of metal bound to kaolinite, measurement 

variation, and decreases/increases in exchangeable metals. However, the data show that
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lead is a better competitor for available exchange sites than the other three metals in the 

multi-metals system.

The extraction of metals with 0.03M La(N0 3 )3-0 .0 1 M Ca(N0 3 )2 , defined as 

sorbed metals, is reported as a percent of the total amount of each metal bound to 

kaolinite. The percent recovery of sorbed metals in the single-metal system versus the 

multi-metal system decreased for cadmium from 7.9 to 3.4%, decreased for copper from 

28 to 24%, increased for lead from 14 to 26%, and decreased for zinc from 9.2 to 1.1%. 

The 12% increase in sorbed lead is a combination of the 43% decrease in the total amount 

o f lead bound to kaolinite, a 7.7% increase in sorbed lead, and measurement variation at 

low concentrations. The data show lead is a better competitor than the other three metals 

in the multi-metal system for available binding sites.

Based on the combined amount o f metals extracted by KNO3 and La(N0 3 )3 , total 

recoveries in both systems were calculated. Total recoveries are reported as a percent of 

the total amount of each metal bound to kaolinite in the single-metal system and the 

multi-metal system. The recoveries ranged from 105 to 100% for cadmium, 101 to 

80.8% for copper, 46.7 to 90.9% for lead, and 91.6 to 90.1% for zinc. Cadmium, which 

has the lowest affinity o f the four metals for kaolinite, shows the smallest amount sorbed 

and the highest total recovery in both systems. Zinc, which has a stronger affinity for 

kaolinite than cadmium but less than copper or lead, shows the second smallest amount 

sorbed and the second highest total recovery in both systems. Copper, which is more 

strongly bound to kaolinite than cadmium and zinc but less than lead, shows the second 

highest amount sorbed and the third highest total recovery in both systems. Lead exhibits
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the greatest affinity for kaolinite based on comparison of sorption and recovery 

percentages reported for the other three metals. The increase in total lead recovery 

reported for the multi-metal system is skewed by the 43% decrease in total lead bound to 

kaolinite.

In the single- and multi-metal systems, the pHs of the kaolinite-cadmium and 

kaolinite-zinc experiments remained approximately constant during the sorption and 

extraction phases of the experiment. The absence of any pH change and the almost 

complete recovery of all cadmium and zinc by KNO3 in both metal systems confirm the 

conclusion that cadmium and zinc are present either in the diffuse layer as charge 

screening cations or bound as easily extractable outer-sphere complexes. For the 

kaolinite-copper and kaolinite-lead experiments associated with the single-metal system, 

the pHs remained essentially constant during the KNO3 extraction step, but decreased 

approximately 0.7 pH units during the La(N0 3 ) 3  extraction step. The decreases in pH 

indicate protons were being released during the extraction step and may have been the 

result of lanthanum cations binding to sites containing protons (e.g. SOH + La+3 —> SO- 

La+2 + H+). For unknown reasons, no decrease in pH was detected during the La(N0 3 ) 3  

extraction step in the multi-metals system.

The increase in copper and lead recovery over 48 hours by La(NC>3)3 indicates 

La(N0 3 ) 3  is able to partially extract the more tightly bound metals. Given enough time, it 

is unknown if La(N0 3 ) 3  would have been able to recover all remaining bound lead and 

copper. This is contrary to section 5.1.6 conclusions which indicated La(NC>3)3 acts more 

like a weak electrolyte.

118

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.2.2 Iron Oxide (FeOOH)

Except for zinc, the sorptive capacity of synthetic FeOOH exceeded the amount 

of each metal added in the single-metal system which resulted in the complete sorption of 

cadmium, copper, and lead (Figures 11, 13, and 15). Zinc sorption was approximately 

91% of the total amount of zinc added (Figure 17). In the multi-metal system, cadmium 

sorption decreased to 46% (Figure 12), copper decreased to 56% (Figure 14), and zinc 

decreased to 48% (Figure 18). Essentially all lead added to the multi-metal system was 

bound to FeOOH (Figure 16). The data suggest lead, which has the strongest affinity for 

FeOOH of the four metals, depresses the sorption of cadmium, copper, and zinc.

The extraction o f bound cadmium, copper, lead, and zinc by 1 .OM KNO3 in both 

systems ranged from 2.41 to 22.7% for cadmium, 0.0 to 0.15% for copper, 0.0 to 0.13% 

for lead, and 0.55 to 1.33% for zinc with the higher recoveries reported for the multi­

metal system. With the exception of cadmium, KNO3 is unable to extract or exchange 

with bound copper, lead, and zinc. The data show cadmium, which is the least tightly 

bound o f the four metals, is associated primarily with weak sorption sites as previously 

described by Dzombak and Morel (1990).

The reason for the significant increase in pH by 0.6 to 1.3 pH units during the 

1.0M KNO3 extraction step is uncertain, but is related to the addition of 1.0M KNO3 . 

The increase in ionic strength during the 1.0M KNO3 step decreased the diffuse layer 

thickness surrounding the colloidal FeOOH particles, which resulted in the closer 

approach of soluble cations to the FeOOH surface. Protons, which bind more strongly to 

FeOOH than the other soluble cations present, may have been able to overcome
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Figure 11. FeOOH system with cadmium [cadmium sorption/desorption]
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Figure 12. FeOOH system with cadmium, copper, lead, and zinc 
[cadmium sorption/desorption]
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Figure 13. FeOOH system with copper [copper sorption/desorption]
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Figure 14. FeOOH system with cadmium, copper, lead, and zinc 
[copper sorption/desorption]

C o p p e r - p H

5 . 5 0

5 . 0 0

4 . 5 0

4 . 0 0

X
©  3 . 5 0Ov

3 . 0 0
OX) 2 . 7 0

9u
c/i

s
9

2 . 5 0

2 . 0 0

1 .00

0 , 5 0

0 . 0 0 4
0 . 0 0

C u C u  

E x t r a c t e d  

( 0 . 0 3 M  L a ( N O  3 ) 3  . 

0 . 0 1 M  C a ( N O  2 ) 2 )  

(4 H )

C u  

E x t r a c t e d  

( 0 . 0 3 M  l a ( N O  3 ) 3  . 

0 . 01  M C a ( N 0 2 ) 2 )  

( 2 4 H )

C u  

E x t r a c t e d  

( 0 . 0 3 M  L a ( N 0 3 ) 3  . 

0 . 0 1 M C a ( N 0 2 ) 2 )  

( 4 8 H )

C u

S p i k e d

( 0 - 2 4 H )

C u

S o r b e d

( @ 2 4 H )

E x t r a c t e d  

( t  . 0M K N 0 3 )  

(1 H )

7 . 0

6 . 8

6. 6

6. 4

6. 2

6.0

5. 8

5 . 6

5. 4

5. 2

5 . 0

4. 8

4 . 6

4 . 4

4 . 2

4 . 0

121

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 15. FeOOFI system with lead [lead sorption/desorption]
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Figure 16. FeOOH system with cadmium, copper, lead, and zinc 
[lead sorption/desorption]
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Figure 17. FeOOH system with zinc [zinc sorption/desorption]
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Figure 18. FeOOH system with cadmium, copper, lead, and zinc 
[zinc sorption/desorption]
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electrostatic repulsion from the mostly positive surface and bind to available SO- and 

SOH sites (e.g. SO- + H+ —> SOH; SOH + H+ —» SOH2+). The increased sorption of 

protons decreased the concentration of protons in solution, which resulted in a higher pH.

Extraction o f metals by 0.03M La(N0 3 ) 3  in the single-metal system versus the 

multi-metal system ranged from 65 to 64% for cadmium, 1.2 to 1.4% for copper, 4.6 to 

8.0% for lead, and 43 to 61% for zinc. The similarity in the reported recoveries between 

the two systems for cadmium and copper are the result of the decrease in percent o f the 

total amount of cadmium and copper sorbed matching the decrease in percent of 

lanthanum-extractable cadmium and copper. The increase in recovery reported for zinc 

in the multi-metal system is the result of the decrease in percent o f the total amount of 

zinc sorbed being greater than the decrease in percent of lanthanum-extractable zinc. The 

slight increase in the reported lead recovery for the multi-metal system is the result o f a 

slight increase in the amount o f lanthanum-extractable lead.

During the La(N0 3 ) 3  extraction step, the pHs of the single-metal systems 

decreased by 0.4 to 0.6 pH units, while in the multi-metal system the pH decreased 0.7 

pH units. The decrease in pHs of both systems may be indicative o f proton release 

during the sorption of lanthanum cations to available SOH sites.

The total percent recovery of each metal in the single-metal system versus the 

multi-metal system ranged from 6 8  to 8 6 % for cadmium, 1.2 to 4.6% for copper, 4.6 to 

8.1% for lead, and 44 to 62% for zinc. The increase in reported recoveries for the multi­

metal system is related to the percent decreases in the total amount o f metals sorbed 

being greater than the percent decreases reported for lanthanum-extractable metals.
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The experimental data generally confirm FeOOH-metal affinity sequences 

reported by Dzombak and Morel (1990). Those affinity sequences, which are based on 

surface complexation constants, are Pb+2 > Cu+2 > Zn+2 > Cd+2 for strong sites and Cu+2 > 

Pb+2 > Zn+2 > Cd+2 for weak sites (Dzombak and Morel, 1990).

5.2.3 Pahokee Peat

Because the sorptive capacity of Pahokee peat exceeded the amount o f any metal 

added in either the single-metal or multi-metal systems (Figures 19-26), complexation 

constants could not be calculated.

Regardless of which system or metal, less than 1.5% of any metal complexed by 

peat was recovered by 1.0M KNO3 . Based on the very low recovery of metals and the 

absence o f any pH change during the KNO3 extraction step, potassium was not able to 

extract or exchange with complexed cadmium, copper, hydrogen, lead, or zinc.

The 0.03M La(NC>3)3 solution extracted significantly more cadmium (42%) and 

zinc (56%) than copper (0.5%) or lead (0%) in the single-metal system. The percent 

recovery of all four metals by 0.03M La(NC>3)3 in the multi-metal system increased to 

46% for cadmium, 0.8% for copper, 2.8% for lead, and 6 6 % for zinc. The data show that 

with respect to the use o f La(N0 3 ) 3  as an extractant solution, copper and lead are more 

strongly complexed to peat than cadmium or zinc and copper has a slightly greater 

affinity for peat than lead in the multi-metal system.
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Figure 19. Peat system with cadmium [cadmium sorption/desorption]
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Figure 20. Peat system with cadmium, copper, lead, and zinc 
[cadmium sorption/desorption]
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Figure 21. Peat system with copper [copper sorption/desorption]
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Figure 22. Peat system with cadmium, copper, lead, and zinc 
[copper sorption/desorption]
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Figure 23. Peat system with lead [lead sorption/desorption]
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Figure 24. Peat system with cadmium, copper, lead, and zinc 
[lead sorption/desorption]
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Figure 25. Peat system with zinc [zinc sorption/desorption]
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Figure 26. Peat system with cadmium, copper, lead, and zinc 
[zinc sorption/desorption]
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The significant reduction in pHs by 1.1 to 1.5 pH units in both systems during the 

0.03M La(N0 3 ) 3  extraction step suggests protons are being released from carboxyl and 

phenolic groups during the complexation o f lanthanum cations. The reported low 

recovery of complexed copper and lead may be due to a combination o f three factors; 1 . 

the sorption capacity o f the peat exceeds the total amount o f cadmium, calcium, copper, 

lanthanum, lead, and zinc added, 2 . lanthanum cations are not able to extract the more 

tightly complexed lead and copper, and 3. the complexation of lanthanum may reduce the 

quantity of lanthanum cations available for exchange with the four metals.

The total recovery o f each metal by KNO3 and La(N0 3 ) 3  in the single-metal 

system versus the multi-metal system ranged from 43 to 47% for cadmium, 0.9% for 

copper, 0.1 to 3.0% for lead, and 58 to 65% for zinc. Based on the data, the relative 

affinity of the four metals for peat is Cu>Pb>Cd>Zn, an affinity sequence similar to the 

one reported by Farrah and Pickering (1978), but slightly different than the affinity 

sequence of Pb>Cu>Zn>Cd reported by Gustafsson (2004).

5.2.4 Conclusions

The simple systems used in these experiments (i.e. one type o f specimen material 

plus one or four metals) allowed the calculation of Vanselow selectivity coefficients [Eq. 

6  and 7] and sorption constants [Eq. 12 and 13] for kaolinite as well as, the qualitative 

determination o f the ability of La(N0 3 ) 3  to extract adsorbed metals. With regards to lead 

and copper bound to peat and FeOOH, La(N0 3 ) 3  was unable to extract these two metals. 

The La(N0 3 ) 3  solution was able to extract 42-46% of the cadmium and 56-65% of the
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zinc complexed by peat and approximately 65% of the cadmium and 43-61% of the zinc 

bound to FeOOH. It is unknown if the extraction efficiency o f La(N0 3 ) 3  for these four 

metals bound to FeOOH and peat would improve in situations where the amount of 

metals added exceeded the sorptive capacity of these materials. However, the data 

indicate that La(NOs)3 can partly extract metals, such as cadmium and zinc, which are 

weakly complexed by peat or sorbed to weak sites located on FeOOH.

In the kaolinite systems, the majority of bound cadmium, copper, lead, and zinc 

was recovered using 1.0M KNO3 . The data show that cadmium and zinc are associated 

predominately with the soluble and exchangeable fractions, while lead and copper are 

bound primarily to both the exchangeable and specifically sorbed fractions. Assuming no 

precipitation o f lead or copper complexes occurred, La(N0 3 ) 3  was able to extract only a 

portion o f these bound metals during the time period of these experiments. Additional 

recoveries may have been achieved if  the extractions were conducted over a longer 

period of time.

The ability o f La(NC>3)3 to extract metals in these experiments is similar to the 

extraction of metals in the Leadville soils by La(N0 3 )3. The experimental data support 

the previous conclusion that the use of La(N0 3 ) 3  is more appropriate for the recovery of 

exchangeable metals. The ability of 1 .OM KNO3 to recover metals from exchange sites is 

very similar to 0.5M Ca(N0 3 )2 .
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5.3 Modeling Results

5.3.1 Modeling Approach

As discussed in sections 5.1.4, 5.1.6, and 5.2, selective extraction procedures were 

re-evaluated in 2004 due to the poor comparison of predicted concentrations of metals to 

the 2000 experimental data. The finding that the physical component o f the selective 

extraction process had a significant impact on the recovery of zinc in all samples and lead 

in one sample led to the incorporation of a less aggressive physical component, i.e. the 

VES.

The problems identified with the use of DIW to extract soluble metals resulted in 

the selection of 0.01M Ca(N0 3 )2 . Three extractant solutions were evaluated for use in 

recovering exchangeable metals from the Leadville soils. Based on CEC results, the 

NH4-DIW-KNO3 procedure was initially selected to replace 0.5M Ca(NC>3)2 data from 

2000. However, in reviewing the performance of La(N0 3 ) 3  and the results o f the 

sorption/desorption experiments, it appeared the selectivity and extraction efficiency of 

La(N0 3 ) 3  was comparable to the NH4-DIW-KNO3 procedure. The data showed NH4- 

DIW-KNO3 and La(NC>3)3 extracted very similar concentrations of cadmium, copper, and 

lead. However, the NH4-DIW-KNO3 procedure extracted unexpectedly high 

concentrations o f zinc that significantly exceeded the quantities o f zinc extracted by 

La(NC>3)3 and Pb(N0 3 )2 . Therefore, 0.03M La(N0 3 ) 3  was selected to recover 

exchangeable metals even though data from the adsorption/desorption experiments 

showed La(N0 3 ) 3  was also able to extract sorbed metals in the kaolinite system. The 

potential that La(N0 3 ) 3  would recover significant amounts of sorbed metals in addition to
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exchangeable metals from these soils was considered minimal, because the kaolinite 

fraction comprised only a small fraction of the overall CEC and available binding sites.

Lead nitrate was selected to extract sorbed and complexed metals from the 

Leadville soils. The selection of Pb(N0 3 ) 2  precluded the comparison of predicted 

concentrations of sorbed and complexed lead to experimental data.

To quantify specific fractions of metal cations recovered from these soils for 

comparison to predicted metal partitioning, the concentrations o f metal cations recovered 

by the weaker extractants were subtracted from the concentrations of metal cations 

recovered by the stronger extractants. For example, the concentrations o f soluble metals 

recovered by 0.01M Ca(NC>3)2 were subtracted from the concentrations o f soluble and 

exchangeable metals recovered by 0.03M La(N0 3 )3 . The concentrations o f soluble and 

exchangeable metals recovered by 0.03M La(N0 3 ) 3  were subtracted from the 

concentrations of soluble, exchangeable, and sorbed/complexed metals recovered by 

0.05M Pb(NC>3)2 . It was assumed the partitioning of metals calculated using this 

approach would be the same as if the soils had been sequentially extracted with the three 

extractants described above.

Model performance tables which compare predicted concentrations o f cadmium, 

copper, lead, and zinc to experimental data are included in sections 5.3.2-5.3.5. Two 

model performance tables are provided for each metal and each surrogate soil. One table 

represents predicted metal partitioning based on the non-competitive modeling approach 

(NCMA), while the second table represents predicted metal partitioning based on the 

competitive modeling approach (CMA).
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5.3.2 Cadmium

99-1-0-7 Cadmium (Tables 21 and 22)

The total cadmium concentration reported for sample 99-1-0-7 is 43.2 mg kg '1. 

The soluble, exchangeable, and sorbed/complexed cadmium concentrations are 9.08, 

6.52, and 13.4 mg kg '1, respectively. The NCMA predicted exchangeable, sorbed, and 

complexed cadmium concentrations of 4.71, 0.992, and 118 mg kg '1, respectively. The 

CMA predicted exchangeable, sorbed, and complexed cadmium concentrations o f 3.12, 

0.977, and 57.8 mg kg '1, respectively. Both modeling approaches predicted exchangeable 

cadmium concentrations that are relatively close to the reported values for this soil. 

Although the CMA is a better predictor o f cadmium partitioning than the NCMA, both 

modeling approaches overpredicted the concentration o f sorbed/complexed cadmium. 

Both the CMA and NCMA predicted a total cadmium concentration greater than the 

experimental data.

99-1-7-12 Cadmium (Tables 23 and 241

The total cadmium concentration reported for sample 99-1-7-12 is 11.2 mg kg '1. 

The soluble, exchangeable, and sorbed/complexed cadmium concentrations are 3.20, 

1.56, and 0.590 mg kg '1, respectively. The NCMA predicted exchangeable, sorbed, and 

complexed cadmium concentrations of 0.563, 0.001, and 2.06 mg kg '1, respectively. The 

CMA predicted exchangeable, sorbed, and complexed cadmium concentrations o f 0.557, 

0 .0 0 1 , and 1.71 mg kg"1, respectively.
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Table 21. Comparison o f modeling output data to experimental data for cadmium in sample 99-1-0-7
[non-competitive modeling approach -  cadmium only]

Model ing Data: Input Predicted Predic ted Sorbed Tota l  Predicted
[99-1-0-7] Soluble Exchangeable and Complexed E, S , a n d  C 3

[Input and Predicted Concentra tions] Cadmium 1 2C adm ium Cadmium Cadmium

mg L "1 mg k g ' 1 mg k g ' 1 mg kg ' 1

0.227 4.71 0.992 [S]; 118 [C] 124

Exper im enta l  Data: Soluble Exchangeable Sorbed and T otal
[99-1-0-7] Cadmium 1 C ad m iu m 4 Complexed E, S , a n d  C 3

[Cd+2Total] = 43.2 mg k g ' 1 C ad m iu m 5 Cadmium

Vacuum Extrac t ion  M ethod mg k g ' 1 mg k g "1 mg k g ' 1 mg k g "1

0.01M C a ( N 0 3) 2 Ext ractable 9.08 - - -

0.03M L a ( N 0 3) 3 Ext ractable [9.08] 6.52 - -
0.05M P b ( N 0 3) 2 Ext ractable [9.08] [6.52] 13.4 19.9

1 Soluble cadmium concentration based on extraction with 0.01M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble cadmium concentration.
3 [E] Exchangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable cadmium equals 0.03M lanthanum nitrate extractable cadmium minus 0.01M calcium nitrate 

extractable cadmium (i.e., 15.6-9.08).
5 Sorbed and complexed cadmium equals 0.05M lead nitrate extractable cadmium minus the sum of

0.03M lanthanum nitrate extractable cadmium and 0.01M calcium nitrate extractable cadmium (i.e., 29.0-(6.52 + 9.08)).
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Table 22. Comparison o f modeling output data to experimental data for cadmium in sample 99-1-0-7
[competitive modeling approach -  cadmium with copper, lead, and zinc]

Modeling Data: Input 
[99-1-0-7] Soluble 

[Input and Predicted Concentra tions]  C adm ium 1

Predicted
Exchangeable

C adm ium 2

Predicted Sorbed 
and Complexed 

Cadmium

Total  Predicted 
E, S , a n d  C 3 

Cadmium

r -1mg L mg k g ' 1 mg kg "1 mg kg "1

0.227 3.12 0.977 [S]; 57.8 [C] 61.9

Experimental  Data: Soluble Exchangeable Sorbed and T otal
[99-1-0-7] 

[Cd+2TotaI] = 43.2 mg k g ' 1

C adm ium 1 C adm ium 4 Complexed
Cadm ium 5

E, S , a n d  C 3 

Cadmium

Vacuum Extraction M ethod mg kg "1 mg kg "1 mg kg ' 1 mg kg "1

0.01M C a ( N 0 3) 2 Extractable 9.08 - - -
0.03M L a ( N 0 3) 3 Extractable [9.08] 6.52 - -
0.05M P b ( N 0 3) 2 Extractable [9.08] [6.52] 13.4 19.9

1 Soluble cadmium concentration based on extraction with 0 .01M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble cadmium concentration.
3 [E] Exchangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable cadmium equals 0.03M lanthanum nitrate extractable cadmium minus 0.01M calcium nitrate 

extractable cadmium (i.e., 15.6-9.08).
5 Sorbed and complexed cadmium equals 0.05M lead nitrate extractable cadmium minus the sum of

0.03M lanthanum nitrate extractable cadmium and 0.01M calcium nitrate extractable cadmium (i.e., 29.0-(6.52+9.08)).
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Table 23. Comparison o f modeling output data to experimental data for cadmium in sample 99-1-7-12
[non-competitive modeling approach -  cadmium only]

Modeling Data: Input Predicted Predicted Sorbed Tota l  Predicted
[99-1-7-12] Soluble Exchangeable and Complexed E, S ,a n d  C 3

[Input and Predicted Concentrations] C ad m iu m 1 Cadmium Cadm ium 2 Cadmium

3 crq r mg kg "1 mg kg ' 1 mg kg ' 1

0.080 0.563 0.001 [S]; 2.06 [C] 2.62

Experimental  Data: Soluble Exchangeable Sorbed and T otal
[99-1-7-12] C ad m iu m 1

. 4
Cadmium C omplexed E, S , a n d  C 3

[Cd+2Totai] = 11-2 mg k g ' 1 Cadm ium 5 Cadmium

Vacuum Extraction Method mg kg ' 1 mg kg ' 1 mg k g ' 1 mg kg ' 1

0.0 1M C a ( N 0 3) 2 Extractable 3.20 - - -

0.03M L a ( N 0 3) 3 Extractable [3.20] 1.56 - -
0.05M P b ( N 0 3) 2 Extractable [3.20] [1.56] 0.590 2.15

1 Soluble cadmium concentration based on extraction with 0 .01M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble cadmium concentration.
3 [E] Exchangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable cadmium equals 0.03M lanthanum nitrate extractable cadmium minus 0.01M calcium nitrate 

extractable cadmium (i.e., 4.76-3.20).
5 Sorbed and complexed cadmium equals 0.05M lead nitrate extractable cadmium minus the sum of

0.03M lanthanum nitrate extractable cadmium and 0.01M calcium nitrate extractable cadmium (i.e., 5.35-(1.56 + 3.20)).
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Table 24. Comparison o f modeling output data to experimental data for cadmium in sample 99-1-7-12
[competitive modeling approach -  cadmium with copper, lead, and zinc]

Modeling Data: 
[99-1-7-12]

[Input and Predicted Concentrations]

Input
Soluble

C adm ium 1

Predicted
Exchangeable

Cadmium 2

Predicted Sorbed 
and Complexed 

Cadm ium 2

Total  Predicted 
E, S , a n d  C 3 

Cadmium

t -img L mg kg "1 mg kg "1 mg kg "1

0.080 0.557 0.001 [S]; 1.71 [C] 2.27

Experimental  Data: Soluble Exchangeable Sorbed and T otal
[99-1-7-12] 

[Cd+2Total] = 11.2 mg kg ' 1

C adm ium 1 Cadmium4 Complexed
Cadm ium 5

E, S , a n d  C 3 

Cadmium

Vacuum Extraction Method mg kg ' 1 mg kg "1 mg kg "1 mg k g 1

0 .0 1M C a ( N 0 3) 2 Extractable 3.20 - - -
0.03M L a ( N 0 3) 3 Extractable [3.20] 1.56 - -
0.05M P b ( N 0 3) 2 Extractable [3.20] [1.56] 0.590 2.15

1 Soluble cadmium concentration based on extraction with 0 .01M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble cadmium concentration.
3 [E] Exchangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable cadmium equals 0.03M lanthanum nitrate extractable cadmium minus 0.01M calcium nitrate 

extractable cadmium (i.e., 4.76-3.20).
5 Sorbed and complexed cadmium equals 0.05M lead nitrate extractable cadmium minus the sum of

0.03M lanthanum nitrate extractable cadmium and 0.01M calcium nitrate extractable cadmium (i.e., 5.35-(1.56+3.20)).



Under the specified surrogate soil conditions of pH 4.15 and above average total 

cadmium content, both modeling approaches accurately predicted the very low 

concentrations of exchangeable, sorbed, and complexed cadmium reported for this soil.

98-3-5-10 Cadmium (Tables 25 and 26)

The total cadmium concentration reported for sample 98-3-5-10 is 98.0 mg kg’1. 

The soluble, exchangeable, and sorbed/complexed cadmium concentrations are 33.4,

12.2, and 60.4 mg kg '1, respectively. The experimentally derived partitioning of 

cadmium reported for this soil exceeds the reported total cadmium concentration of 98.0 

mg kg'1. However, the two results are within the measurement variation of the analytical 

method. The NCMA predicted exchangeable, sorbed, and complexed cadmium 

concentrations o f 35.0, 34.1, and 733 mg kg'1, respectively. The CMA predicted 

exchangeable, sorbed, and complexed cadmium concentrations o f 15.0, 18.4, and 228 mg 

kg '1, respectively.

The CMA provides a closer fit o f the experimental data and accurately predicts 

the exchangeable cadmium concentration reported for this soil. However, both modeling 

approaches overpredict the reported concentration of sorbed/complexed cadmium. The 

total amount of cadmium predicted for this soil significantly exceeds the reported total 

cadmium concentration.
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Table 25. Comparison of modeling output data to experimental data for cadmium in sample 98-3-5-10
[non-competitive modeling approach -  cadmium only]

Modeling Data:  
[98-3-5-10]

[Input and Predicted Concentra tions]

Input
Soluble

C adm ium 1

Predicted
Exchangeable

Cadmium

Predicted Sorbed 
and Complexed 

C adm ium 2

Total  Predicted 
E , S , a n d  C 3 

Cadm ium

t -i mg L mg kg "1 mg k g "1 mg kg "1

0.836 35.0 34.1 [S]; 733 [C] 802

Experimental  Data: Soluble Exchangeable Sorbed and T otal
[98-3-5-10] 

[Cd+2Xotal] = 98.0 mg kg ' 1

Cadmium C adm ium 4 Complexed
C ad m iu m 5

E , S , a n d  C 3 

Cadmium

Vacuum Extraction Method mg k g "1 mg kg "1 mg k g "1 mg k g "1

0.01M C a ( N 0 3) 2 Extractable 33.4 - - -

0.03M L a ( N 0 3) 3 Extractable [33.4] 1 2 . 2 - -
0.05M P b ( N 0 3) 2 Extractable [33.4] [ 1 2 .2 ] 60.4 72.6

1 Soluble cadmium concentration based on extraction with 0.0 1M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble cadmium concentration.
3 [E] Exchangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable cadmium equals 0.03M lanthanum nitrate extractable cadmium minus 0.01M calcium nitrate 

extractable cadmium (i.e., 45.6-33.4).
5 Sorbed and complexed cadmium equals 0.05M lead nitrate extractable cadmium minus the sum of

0.03M lanthanum nitrate extractable cadmium and 0.01M calcium nitrate extractable cadmium (i.e., 106-(12.2 + 33 .4)).
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Table 26. Comparison o f modeling output data to experimental data for cadmium in sample 98-3-5-10
[competitive modeling approach -  cadmium with copper, lead, and zinc]

Modeling Data:  Input 
[98-3-5-10] Soluble 

[Input and Predicted Concentra tions] C a d m iu m 1

Predic ted
Exchangeable

C ad m iu m 2

Predicted Sorbed 
and Complexed 

C adm ium

Total  Predic ted 
E , S , a n d  C 3 

Cadmium

mg L 1 

0.836

mg k g "1 

15.0

mg kg "1 

18.4 [S]; 228 [C]

mg k g "1 

261

Experimenta l  Data: S o luble Exchangeable Sorbed and T otal
[98-3-5-10]

[Cd+2Total] = 98.0 mg k g ' 1

C a d m iu m 1 C ad m iu m 4 Complexed
C ad m iu m 5

E, S , a n d  C 3 

Cadmium

Vacuum extract ion M ethod mg k g "1 mg k g "1 mg k g "1 mg kg "1

0.01M C a ( N 0 3) 2 Extractable 3 3.4 - - -

0.03M L a ( N 0 3) 3 Extractable [33.4] 1 2 . 2 - -
0.05M P b ( N 0 3) 2 Extractable [33.4] [ 1 2 .2 ] 60.4 72.6

1 Soluble cadmium concentration based on extraction with 0 .01M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble cadmium concentration.
3 [E] Exchangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable cadmium equals 0.03M lanthanum nitrate extractable cadmium minus 0.01M calcium nitrate 

extractable cadmium (i.e., 45.6-33.4).
5 Sorbed and complexed cadmium equals 0.05M lead nitrate extractable cadmium minus the sum of

0.03M lanthanum nitrate extractable cadmium and 0.01M calcium nitrate extractable cadmium (i.e., 106-(12.2+33.4)).



98-3-20-25 Cadmium (Tables 27 and 28)

The total cadmium content reported for sample 98-3-20-25 is 146 mg kg '1. The 

soluble, exchangeable, and sorbed/complexed cadmium concentrations are 37.6, 34.9, 

and 24.8 mg kg'1, respectively. The NCMA predicts exchangeable, sorbed, and 

complexed cadmium concentrations of 23.0, 71.6, and 440 mg kg'1, respectively, while 

the CMA predicts exchangeable, sorbed, and complexed cadmium concentrations o f 10.7,

36.3, and 126 mg kg '1, respectively.

The CMA and NCMA predict exchangeable cadmium concentrations within a 

reasonable range of the experimental data. However, both modeling approaches 

overpredict the concentration o f sorbed/complexed cadmium reported for this soil and 

predict more total cadmium than the reported total cadmium concentration. The CMA 

provides a better fit o f the experimental data than the NCMA.

Summary of Cadmium Modeling

In the four soils tested, the CMA and NCMA predict within a narrow range the 

exchangeable cadmium concentrations reported for these soils. Both modeling 

approaches overpredict concentrations of sorbed/complexed cadmium in three out of four 

soils. The results indicate that at higher pHs and soluble cadmium concentrations, the 

ability o f both modeling approaches to predict sorbed/complexed cadmium decrease. 

From the tables, the problem appears to reside in the prediction o f cadmium complexed 

to SOM. An extensive review o f model parameters, conversions, multipliers, weighting 

factors, and modeling performance related to the other three metals complexed to SOM
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Table 27. Comparison o f modeling output data to experimental data for cadmium in sample 98-3-20-25
[non-competitive modeling approach -  cadmium only]

Modeling Data: 
[98-3-20-25]

[Input and Predicted Concentra tions]

Input
Soluble

Cadmium

Predicted
Exchangeable

C adm ium 2

Predicted Sorbed 
and Complexed 

Cadmium

Total  Predicted 
E , S , a n d  C 3 

Cadmium

T " 1mg L mg kg "1 mg kg "1 mg kg ' 1

0.940 23.0 71.6 [S]; 440 [C] 535

Experimental Data: Soluble Exchangeable Sorbed and T otal
[98-3-20-25]

[Cd+2Total] = 146 mg k g 1

Cadmium C adm ium 4 Complexed
Cadm ium 5

E, S , a n d  C 3 

Cadmium

Vacuum Extraction M ethod mg kg ' 1 mg k g "1 mg kg "1 mg kg "1

0.01M C a ( N 0 3) 2 Extractable 37.6 - . -

0.03M L a ( N 0 3) 3 Extractable [37.6] 34.9 - -
0.05M P b ( N 0 3) 2 Extractable [37.6] [34.9] 24.8 59.7

1 Soluble cadmium concentration based on extraction with 0.01M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble cadmium concentration.
3 [E] Exchangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable cadmium equals 0.03M lanthanum nitrate extractable cadmium minus 0.01M calcium nitrate 

extractable cadmium (i.e., 72.5-37.6).
5 Sorbed and complexed cadmium equals 0.05M lead nitrate extractable cadmium minus the sum of

0.03M lanthanum nitrate extractable cadmium and 0.01M calcium nitrate extractable cadmium (i.e., 97.3-(34.9 + 37.6)).
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Table 28. Comparison of modeling output data to experimental data for cadmium in sample 98-3-20-25
[competitive modeling approach -  cadmium with copper, lead, and zinc]

Modeling Data: Input Predicted Predic ted Sorbed Total  Predicted
[98-3-20-25] Soluble Exchangeable and Complexed E, S , a n d  C 3

[Input and Predicted Concentra tions] C ad m iu m 1 Cadmium C adm ium 2 Cadmium

T -1mg L mg kg ' 1 mg k g ' 1 mg k g ' 1

0.940 10.7 36.3 [S]; 126 [C] 173

Experimenta l  Data: Soluble Exchangeable Sorbed  and Total
[98-3-20-25] C ad m iu m 1 C adm ium 4 Complexed E, S , a n d  C 3

[C d+2Total] = 146 mg k g ' 1 C ad m iu m 5 Cadmium

Vacuum Extraction Method mg kg ' 1 mg k g ' 1 mg k g ' 1 mg kg ' 1

0.0 1M C a ( N 0 3) 2 Extractable 37.6 - - -

0.03M L a ( N 0 3) 3 Extractable [37.6] 34.9 - -
0.05M P b ( N 0 3) 2 Extractable [37.6] [34.9] 24.8 59.7

1 Soluble cadmium concentration based on extraction with 0.01M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble cadmium concentration.
3 [E] Exchangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable cadmium equals 0.03M lanthanum nitrate extractable cadmium minus 0.01M calcium nitrate 

extractable cadmium (i.e., 72.5-37.6).
5 Sorbed and complexed cadmium equals 0.05M lead nitrate extractable cadmium minus the sum of

0.03M lanthanum nitrate extractable cadmium and 0.01M calcium nitrate extractable cadmium (i.e., 97.3-(34.9+37.6)).



indicate the overprediction of complexed cadmium may be associated with the binding 

constants listed for cadmium in the Visual MINTEQ databases. Nevertheless, the CMA 

proves to be a better predictor of cadmium partitioning than the NCMA. Overprediction 

of sorbed/complexed cadmium in the CMA is within reasonable variation o f the 

experimental data.

5.3.3 Copper

99-1-0-7 Copper (Tables 29 and 30)

The total copper concentration reported for sample 99-1-0-7 is 633 mg kg '1. The 

soluble, exchangeable, and sorbed/complexed copper concentrations are 0.320, 0.276, 

and 102 mg kg '1, respectively. The NCMA predicts exchangeable, sorbed, and 

complexed copper concentrations of 1.65, 8.40, and 73.2 mg kg'1, respectively. The 

CMA predicts exchangeable, sorbed, and complexed copper concentrations o f 2.12, 16.2, 

and 76.4 mg kg '1, respectively. Both modeling approaches accurately predict the 

reported concentrations of exchangeable and sorbed/complexed copper in this soil.

99-1-7-12 Copper (Tables 31 and 32)

The total copper concentration reported for sample 99-1-7-12 is 336 mg kg '1. The 

soluble, exchangeable, and sorbed/complexed copper concentrations are 1.04, 9.06, and 

44.0 mg kg'1, respectively. The NCMA predicts exchangeable, sorbed, and complexed 

copper concentrations of 0.976, 0.222, and 21.0 mg kg '1, respectively, while the CMA 

predicts exchangeable, sorbed, and complexed copper concentrations o f 0.876, 0.222, and
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Table 29. Comparison o f modeling output data to experimental data for copper in sample 99-1-0-7
[non-competitive modeling approach -  copper only]

Modeling Data: Input Predicted Predic ted Sorbed Tota l  Predicted
[99-1-0-7] Soluble Exchangeable and Complexed E, S , a n d  C 3

[Input and Predicted Concentra tions] C o p p e r 1 m 2Copper C o p p er 2 Copper

mg L ' 1 mg kg ' 1 mg k g ' 1 mg k g ' 1

0.008 1.65 8.40 [S]; 73.2 [C] 83.2

Experimental  Data: Soluble Exchangeable Sorbed and T otal
[99-1-0-7] Copper C opper4 Complexed E, S , a n d  C 3

[Cu+2Total] = 633 mg k g ' 1 C o p p e r 5 Copper

Vacuum extraction Method mg k g ' 1 mg k g ' 1 mg k g ' 1 mg k g ' 1

0.01M C a ( N 0 3) 2 Extractable 0.320 - - -
0.03M L a ( N 0 3) 3 Extractable [0.320] 0.276 - -
0.05M P b ( N 0 3) 2 Extractable [0.320] [0.276] 1 0 2 103

1 Soluble copper concentration based on extraction with 0.0 1M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble copper concentration.
3 [E] Exchangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable copper equals 0.03M lanthanum nitrate extractable copper minus 0.0 1M calcium nitrate 

extractable copper (i.e., 0.596-0.320).
5 Sorbed and complexed copper equals 0.05M lead nitrate extractable copper minus the sum of

0.03M lanthanum nitrate extractable copper and 0.01M calcium nitrate extractable copper (i.e., 103-(0.276 + 0.320)).
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Table 30. Comparison o f modeling output data to experimental data for copper in sample 99-1-0-7
[competitive modeling approach -  copper with cadmium, lead, and zinc]

Model ing Data:  Input 
[99-1-0-7]  Soluble 

[Input and Predic ted Concentra t ions]  C opper

Predic ted
Exchangeable

2
C o p p e r

Predicted Sorbed  
and Complexed  

C o p p e r 2

Total  Pred ic ted 
E, S , a n d  C 3 

C opper

mg L "1 mg k g "1 mg k g "1 mg k g "1

0.008 2 . 1 2 16.2 [S]; 76.4 [C] 94.7

Exper im enta l  Data: So luble Exchangeable Sorbed and Tota l
[99-1-0-7]

[C u+2Total] = 633 mg k g ' 1

lC opper r> 4C o p p e r Complexed
C o p p e r 5

E, S , a n d  C 3 

Copper

Vacuum Extrac t ion  M ethod mg k g "1 mg k g "1 mg k g "1 mg k g "1

0.01M C a ( N 0 3) 2 Ext ractable 0.320 - - -

0.03M L a ( N 0 3) 3 Ext ractable [0.320] 0.276 - -
0.05M P b ( N 0 3) 2 Ext ractable [0.320] [0.276] 1 0 2 103

1 Soluble copper concentration based on extraction with 0.0 1M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble copper concentration.
3 [E] Exchangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable copper equals 0.03M lanthanum nitrate extractable copper minus 0.0 1M calcium nitrate 

extractable copper (i.e., 0.596-0.320).
5 Sorbed and complexed copper equals 0.05M lead nitrate extractable copper minus the sum of

0.03M lanthanum nitrate extractable copper and 0.01M calcium nitrate extractable copper (i.e., 103-(0.276 + 0.320)).
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Table 31. Comparison o f modeling output data to experimental data for copper in sample 99-1-7-12
[non-competitive modeling approach -  copper only]

Modeling Data: Input Predicted Predicted Sorbed Total  Predicted
[99-1-7-12] Soluble Exchangeable and Complexed E , S , a n d  C 3

[Input and Predicted Concentrations] C o p p er 1 Copper r' 2Copper Copper

mg L "1 mg k g "1 mg k g ' 1 mg kg ' 1

0.026 0.976 0.222 [S]; 21.0 [C] 2 2 . 2

Experimental  Data: Soluble Exchangeable Sorbed and Total
[99-1-7-12] C o p p e r 1

4Copper Complexed E, S , a n d  C 3

[Cu+2Total] = 336 mg kg "1 C o p p e r 5 Copper

Vacuum Extraction M ethod mg kg "1 mg k g "1 mg kg "1 mg k g "1

0.01M C a ( N 0 3) 2 Extractable 1.04 - - -

0.03M L a ( N 0 3) 3 Extractable [1.04] 9.06 - -
0.05M P b ( N 0 3) 2 Extractable [1.04] [9.06] 44.0 53.1

1 Soluble copper concentration based on extraction with 0.01M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble copper concentration.
3 [E] Exhangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable copper equals 0.03M lanthanum nitrate extractable copper minus 0.0 1M calcium nitrate 

extractable copper (i.e., 10.1-1.04).
5 Sorbed and complexed copper equals 0.05M lead nitrate extractable copper minus the sum of

0.03M lanthanum nitrate extractable copper and 0.01M calcium nitrate extractable copper (i.e., 54.1-(9.06+1.04)).
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Table 32. Comparison o f modeling output data to experimental data for copper in sample 99-1-7-12
[competitive modeling approach -  copper with cadmium, lead, and zinc]

Modeling Data: Input Predicted Predicted Sorbed Tota l  Predicted
[99-1-7-12] Soluble Exchangeable and Complexed E, S , a n d  C 3

[Input and Predicted Concentra tions] C o p p e r 1 C o p p e r 2 C o p p e r 2 C opper

mg L "1 mg kg ' 1 mg k g ' 1 mg k g ' 1

0.026 0.876 0.222 [S]; 15.6 [C] 16.7

Experimenta l  Data: Soluble Exchangeable Sorbed  and Total
[99-1-7-12] C o p p e r 1 C o p p e r 4 Complexed E, S , a n d  C 3

[Cu+2Total] = 336 mg kg "1 C o p p e r 5 Copper

Vacuum Extrac tion M ethod mg kg ’1 mg kg ' 1 mg k g ' 1 mg k g ' 1

0.01M C a ( N 0 3) 2 Extractable 1.04 - - -

0.03M L a ( N 0 3) 3 Ext ractable [1.04] 9.06 - -
0.05M P b ( N 0 3) 2 Extractable [1.04] [9.06] 44.0 53.1

1 Soluble copper concentration based on extraction with 0.0 1M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble copper concentration.
3 [E] Exhangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable copper equals 0.03M lanthanum nitrate extractable copper minus 0.01M calcium nitrate 

extractable copper (i.e., 10.1-1.04).
5 Sorbed and complexed copper equals 0.05M lead nitrate extractable copper minus the sum of

0.03M lanthanum nitrate extractable copper and 0.01M calcium nitrate extractable copper (i.e., 54.1-(9.06+1.04)).



15.6 mg kg '1, respectively. Both modeling approaches underpredict the reported 

concentrations o f exchangeable and soluble/complexed copper. The NCMA is a better 

predictor of copper partitioning than the CMA.

98-3-5-10 Copper (Tables 33 and 34)

The total copper concentration reported for sample 98-3-5-10 is 435 mg kg"1. The 

soluble, exchangeable, and sorbed/complexed copper concentrations are 0.720, 0.520, 

and 66.2 mg kg’1, respectively. The NCMA predicts exchangeable, sorbed, and 

complexed copper concentrations of 6.30, 13.2, and 293 mg kg '1, respectively. The CMA 

predicts exchangeable, sorbed, and complexed copper concentrations o f 5.93, 20.6, and 

237 mg kg '1, respectively. Both modeling approaches predict exchangeable copper, 

while overpredicting the concentration of sorbed/complexed copper reported for this soil. 

The CMA is a better predictor o f copper partitioning in 98-3-5-10 than the NCMA.

98-3-20-25 Copper (Table 35 and 36)

The total copper content reported for sample 98-3-20-25 is 213 mg kg '1. The 

soluble, exchangeable, and sorbed/complexed copper concentrations are 0.240, 0.104, 

and 2.76 mg kg '1, respectively. The NCMA predicts exchangeable, sorbed, and 

complexed copper concentrations of 1.55, 14.7, and 78.4 mg kg’1, respectively. The 

CMA predicts exchangeable, sorbed, and complexed copper concentrations o f 3.18, 3.14, 

and 129 mg kg '1, respectively. Both modeling approaches predict the concentration of 

exchangeable copper reported for this soil and overpredict the reported concentration of
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Table 33. Comparison o f modeling output data to experimental data for copper in sample 98-3-5-10
[non-competitive modeling approach -  copper only]

Model ing Data: 
[98-3-5-10]

[Input and Predicted Concentra tions]

Input 
S o lu b le

p  tC opper

Predic ted 
Exchangeable  

C o p p e r 2

Predic ted Sorbed  
and Com plexed  

C o p p e r 2

Total  Predic ted 
E, S , a n d  C 3 

C opper

T  " Img L mg kg ' 1 mg k g ' 1 mg k g ' 1

0.018 6.30 13.2 [S]; 293 [C] 3 12

Exper im enta l  Data: Soluble Exchangeable Sorbed and T otal
[98-3-5-10] 

[ C u + 2 T o t a i ]  = 435 mg k g ' 1

Copper C opper C om plexed
C o p p e r 5

E , S , a n d  C 3 

Copper

V acuum  Extrac tion  M ethod mg k g ' 1 mg k g ' 1 mg k g ' 1 mg k g ' 1

0.01M C a ( N 0 3) 2 Extrac table 0.720 - - -

0.03M L a ( N 0 3) 3 Ext ractable [0.720] 0.520 - -
0.05M P b ( N 0 3) 2 Ext ractable [0.720] [0.520] 6 6 . 2 66.7

1 Soluble copper concentration based on extraction with 0.0 1M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble copper concentration.
3 [E] Exhangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable copper equals 0.03M lanthanum nitrate extractable copper minus 0.0 1M calcium nitrate 

extractable copper (i.e., 1.24-0.720).
5 Sorbed and complexed copper equals 0.05M lead nitrate extractable copper minus the sum of

0.03M lanthanum nitrate extractable copper and 0.01M calcium nitrate extractable copper (i.e., 67.4-(0.520 + 0.720)).
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Table 34. Comparison o f modeling output data to experimental data for copper in sample 98-3-5-10
[competitive modeling approach -  copper with cadmium, lead, and zinc]

Modeling Data: Input Predic ted Predic ted Sorbed Total  Predicted
[98-3-5-10] Soluble Exchangeable and C om plexed E , S , a n d  C 3

[Input and Predicted Concentra tions]  C o p p e r 1 / - i  2C o p p e r C o p p e r C opper

mg L ' 1 mg k g ' 1 mg k g ' 1 mg k g ' 1

0.018 5.93 20.6 [S]; 237 [C] 264

Experimenta l  Data: Soluble Exchangeable Sorbed  and Total
[98-3-5-10] Copper ^  4C o p p e r C omplexed E , S , a n d  C 3

[Cu+2Total] = 435 mg k g ' 1 C o p p e r 5 C opper

Vacuum Extrac tion M ethod mg kg ' 1 mg k g ' 1 mg k g ' 1 mg k g ' 1

0.01M C a ( N 0 3) 2 Ext ractable 0.720 - - -

0.03M L a ( N 0 3) 3 Ext rac table [0.720] 0.520 - -
0.05M P b ( N 0 3) 2 Ext rac table [0.720] [0.520] 6 6 . 2 66.7

1 Soluble copper concentration based on extraction with 0.01M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble copper concentration.
3 [E] Exhangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable copper equals 0.03M lanthanum nitrate extractable copper minus 0.0 1M calcium nitrate 

extractable copper (i.e., 1.24-0.720).
5 Sorbed and complexed copper equals 0.05M lead nitrate extractable copper minus the sum of

0.03M lanthanum nitrate extractable copper and 0.01M calcium nitrate extractable copper (i.e., 67.4-(0.520 + 0.720)).
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Table 35. Comparison o f modeling output data to experimental data for copper in sample 98-3-20-25
[non-competitive modeling approach -  copper only]

Modeling Data: Input Predicted Predic ted  Sorbed Tota l  Predicted
[98-3-20-25] Soluble Exchangeable and Complexed E, S , a n d  C 3

[Input and Predicted Concentrations] C o p p e r 1 C o p p e r 2 C o p p e r 2 Copper

T ' Img L 

0.006

mg k g ' 1 

1.55

mg k g ' 1 

14.7 [S]; 78.4 [C]

mg k g ' 1 

94.7

Exper imental  Data: Soluble Exchangeable Sorbed and T otal
[98-3-20-25] C o p p e r 1 n 4 Copper Complexed E, S , a n d  C 3

[Cu+2Iotal] = 213 mg k g ' 1 C o p p e r 5 Copper

Vacuum Extraction M ethod mg k g ' 1 mg k g ' 1 mg k g ' 1 mg k g ' 1

0.01M C a ( N 0 3) 2 Extractable 0.240 - - -

0.03M L a ( N 0 3) 3 Ext ractable [0.240] 0.104 - -
0.05M P b ( N 0 3) 2 Extractable [0.240] [0.104] 2.76 2 . 8 6

1 Soluble copper concentration based on extraction with 0.01M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble copper concentration.
3 [E] Exhangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable copper equals 0.03M lanthanum nitrate extractable copper minus 0.01M calcium nitrate 

extractable copper (i.e., 0.344-0.240).
5 Sorbed and complexed copper equals 0.05M lead nitrate extractable copper minus the sum of

0.03M lanthanum nitrate extractable copper and 0.01M calcium nitrate extractable copper (i.e., 3.10-(0.104 + 0.240)).
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Table 36. Comparison of modeling output data to experimental data for copper in sample 98-3-20-25
[competitive modeling approach -  copper with cadmium, lead, and zinc]

Modeling Data: Input 
[98-3-20-25]  Soluble 

[Input and Predicted Concentra tions]  C o p p e r 1

Pred icted
Exchangeable

/ -  2 C opper

Predicted Sorbed  
and Complexed

ry 2Copper

Total  Predicted 
E, S , a n d  C 3 

Copper

T " 1mg L mg k g ' 1 mg kg ' 1 mg k g "1

0.006 3.18 3.14 [S]; 129 [C] 135

Experimental  Data: Soluble Exchangeable Sorbed and T otal
[98-3-20-25]  

[C u+2Totai] = 213 mg k g ' 1

C opper ry 4C o p p er Complexed
C o p p e r 5

E, S ,a n d  C 3 

Copper

Vacuum Extrac tion M ethod mg k g ' 1 mg k g ' 1 mg kg ' 1 mg kg "1

0.0 1M C a ( N 0 3) 2 Extractable 0.240 - - -

0.03M L a ( N 0 3) 3 Extractable [0.240] 0.104 - -
0.05M P b ( N Q 3) 2 Extractable [0.240] [0.104] 2.76 2 . 8 6

1 Soluble copper concentration based on extraction with 0.0 1M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble copper concentration.
3 [E] Exhangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable copper equals 0.03M lanthanum nitrate extractable copper minus 0.0 1M calcium nitrate 

extractable copper (i.e., 0.344-0.240).
5 Sorbed and complexed copper equals 0.05M lead nitrate extractable copper minus the sum of

0.03M lanthanum nitrate extractable copper and 0.01M calcium nitrate extractable copper (i.e., 3.10-(0.104 + 0.240)).



sorbed/complexed copper. The NCMA is a better predictor of copper partitioning in this 

soil.

Summary of Copper Modeling

The NCMA and CMA can predict within a narrow range the concentrations of 

exchangeable copper reported for the four Leadville soils. Both modeling approaches 

can predict sorbed and complexed copper in sample 99-1-7-12 at pH 4.15, although the 

NCMA is slightly more accurate. In sample 99-1-0-7 at pH 5.56, the CMA is a better 

predictor of copper partitioning than the NCMA. In samples 98-3-5-10 and 98-3-20-25 at 

pH 6.21, both modeling approaches overpredict sorbed/complexed copper. The CMA is 

a better predictor than the NCMA in 98-3-5-10, while the opposite is indicated for 98-3- 

20-25.

O f interest is the increase noted in CMA predicted concentrations o f sorbed and 

complexed copper in samples 99-1-0-7 and 98-3-20-25. Normally, predicted values for 

sorbed and complexed metals would be less using the CMA than the NCMA, since there 

are more cations competing for a limited concentration of binding sites. However, in the 

case of copper and some of the lead and zinc results, the opposite occurred. The 

predicted increase was related primarily to SOM and FeOOH sorption processes, the 

rounding of numbers in the software program at low model input metals concentrations, 

and the non-linear nature o f the SOM and FeOOH sorption curves.

In isolated instances at the low end o f the range of model inputs used in these 

simulation exercises, the amount of metal complexed or sorbed was sometimes slightly
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greater than the amount o f metal initially added (<10'6 mol L '1). As a consequence, a 

negative value was sometimes reported in the predicted soluble metals column of the 

model output. To avoid negative values in the model output and the sorption curves used 

to calculate predicted metals concentrations, the range of metals concentrations used in 

the model input was multiplied by a number just large enough to provide a positive value 

in the predicted soluble metals column of the model output (e.g. the number for copper in 

sample 98-3-5-10 was 1.0001).

In the model output file, the predicted soluble metals concentration (i.e. total 

metal input -  total bound metal) was multiplied by the inverse o f the number used in the 

model input (e.g. the number for copper in sample 98-3-5-10 was 0.99990001). The 

extra steps avoided the generation of negative values for the concentration o f predicted 

soluble metals. However, these modifications slightly changed the regression equations 

generated from the FeOOH and SOM sorption curves which subsequently changed the 

predicted concentrations of sorbed and complexed metals. As a result, sometimes the 

predicted concentrations of complexed or sorbed metals in the CMA are larger than the 

predicted concentrations o f complexed or sorbed metals in the NCMA. The impact to the 

overall performance of the CMA is minimal due to its isolated nature and the minor 

changes in predicted values. Overall, the CMA is a better predictor of copper partitioning 

in these soils than the NCMA. The predicted partitioning is within reasonable variation 

of the experimental data.
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5.3.4 Lead

99-1-0-7 Lead (Tables 37 and 38)

The total lead concentration reported for sample 99-1-0-7 is 4,435 mg kg '1. The 

soluble, exchangeable, and sorbed/complexed lead concentrations are 0.320 mg kg '1, 11.8 

mg kg'1, and NA, respectively. The NCMA predicts exchangeable, sorbed, and 

complexed lead concentrations of 2.42, 149, and 166 mg kg '1, respectively. The CMA 

predicts exchangeable, sorbed, and complexed lead concentrations o f 1.04, 107, and 63.9 

mg kg'1, respectively. Both modeling approaches slightly underpredict the concentration 

o f exchangeable lead reported for this soil. The predicted sorbed and complexed lead 

concentrations can not be compared to any experimental data. However, based on 

published metal cation affinity sequences for clays (Farrah et al., 1980), FeOOH 

(Dzombak and Morel, 1990), and humic substances (Gustafsson, 2004), and binding 

constants incorporated in the Visual MINTEQ and MINEQL+ databases, the predicted 

partitioning between the FeOOH and SOM fractions appears reasonable.

99-1-7-12 Lead (Tables 39 and 401

The total lead concentration reported for sample 99-1-7-12 is 3,233 mg kg'1. The 

soluble, exchangeable, and sorbed/complexed lead concentrations are 3.48 mg kg '1, 117 

mg kg'1, and NA, respectively. The NCMA predicts exchangeable, sorbed, and 

complexed lead concentrations of 2.33, 26.6, and 48.1 mg kg '1, respectively, while the 

CMA predicts exchangeable, sorbed, and complexed lead concentrations of 1.87, 19.0, 

and 22.6 mg kg '1, respectively. Both modeling approaches significantly underpredict the
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Table 37. Comparison o f modeling output data to experimental data for lead in sample 99-1-0-7
[non-competitive modeling approach -  lead only]

M odeling  Data : Inpu t Pred ic ted Pred ic ted  Sorbed T o ta l  P red ic ted
[99-1-0-7] Soluble Exchangeab le and C o m p lex ed E, S , a n d  C 3

[Input and Predic ted  C oncen t ra t ions ] L e a d 1 L e a d 2 L e a d 2 Lead

mg L '1 mg k g ' 1 mg k g ' 1 mg k g ' 1

0.008 2.42 149 [S];  166 [C] 317

Exper im enta l  Data : Soluble Exchangeab le Sorbed  and T o ta l
[99-1-0-7] L e a d 1 L e a d 4 C o m p lex ed E , S , a n d  C 3

[P b +2Total] = 4,435 mg k g ' 1 Lead Lead

V acu u m  Ext rac t ion  M e th o d mg k g '1 mg k g ' 1 mg k g ' 1 mg k g ' 1

0.0 1M C a ( N 0 3)2 Ext rac tab le 0 .320 - - -

0.03M  L a ( N 0 3)3 Ext rac tab le [0 .320] 11.8 - -
0 .05M  P b ( N 0 3)2 Ext rac tab le N A N A N A N A

1 Soluble lead concentration based on extraction with 0.01M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble lead concentration.
3 [E] Exhangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable lead equals 0.03M lanthanum nitrate extractable lead minus 0.0 1M calcium nitrate 

extractable lead (i.e., 12.1-0.320).
NA - Not analyzed.
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Table 38. Comparison o f modeling output data to experimental data for lead in sample 99-1-0-7
[competitive modeling approach -  lead with cadmium, copper, and zinc]

Model ing Data : Input Predic ted Predic ted Sorbed To ta l  Predicted
[99-1-0-7] Soluble Exchangeab le and Com plexed E, S , a n d  C 3

[Input and Predic ted Concentra t ions] L e a d 1 L e a d 2 L e a d 2 Lead

T  ‘ Img L mg k g ' 1 mg k g ' 1 mg k g ' 1

0.008 1.04 107 [S]; 63.9 [C] 172

Exper im enta l  Data: Soluble Exchangeab le Sorbed  and Tota l
[99-1-0-7] L e a d 1 L e a d 4 Complexed E, S , a n d  C 3

[ P b + 2 T o t a i ]  = 4,435 mg k g ’1 Lead Lead

Vacuum Ext rac t ion  M ethod mg k g ' 1 mg k g ' 1 mg k g ' 1 mg k g ' 1

0.01M C a ( N 0 3)2 Extrac table 0.320 - - -

0.03M L a ( N 0 3)3 Extrac table [0.320] 11.8 - -
0 .05M P b ( N 0 3) 2 Extrac table NA N A NA NA

1 Soluble lead concentration based on extraction with 0 .01M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble lead concentration.
3 [E] Exhangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable lead equals 0.03M lanthanum nitrate extractable lead minus 0 .01M calcium nitrate

extractable lead (i.e., 12.1-0.320).
NA - Not analyzed.
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Table 39. Comparison o f modeling output data to experimental data for lead in sample 99-1-7-12
[non-competitive modeling approach -  lead only]

Modeling Data:  
[99-1-7-12]

[Input and Predicted Concentra tions]

Input
Soluble
L e a d 1

Predic ted
Exchangeable

L e a d 2

Predic ted Sorbed 
and C om plexed  

L ead 2

Total  Predic ted 
E, S , a n d  C 3 

Lead

mg L '1 

0.087

mg k g ' 1 

2.32

mg k g ' 1 

26.6 [S]; 48.1 [C]

mg k g '1 

77.0

Experimenta l  Data: Soluble Exchangeable Sorbed  and Tota l

160

[99-1-7-12]

[p b+2Totai] = 3,233 mg k g '1

L e a d 1 L e a d 4 C om plexed
Lead

E, S , a n d  C 3 
Lead

Vacuum Extrac tion  M ethod mg k g '1 mg k g '1 mg k g '1 mg k g '1

0.01M C a ( N 0 3)2 Extrac table 3.48 - - -

0.03M L a ( N 0 3)3 Extrac table [3.48] 117 - -
0.05M P b ( N 0 3)2 Extrac table NA NA NA NA

1 Soluble lead concentration based on calcium nitrate vacuum extraction method.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble lead concentration.
3 [E] Exhangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable lead equals 0.03M lanthanum nitrate extractable lead minus 0.01M calcium nitrate

extractable lead (i.e., 120-3.48).
NA - N o t  analyzed.



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

Table 40. Comparison of modeling output data to experimental data for lead in sample 99-1-7-12 
[competitive modeling approach -  lead with cadmium, copper, and zinc]

Model ing Data:  
[99-1-7-12]

[Input and Pred ic ted Concentra t ions]

Input
Soluble
L e a d 1

Predic ted
Exchangeable

L e a d 2

Pred ic ted  Sorbed 
and Complexed  

L e a d 2

To ta l  Predicted 
E, S , a n d  C 3 

Lead

mg L '1 mg k g '1 mg k g '1 mg k g '1

0.087 1.87 19.0 [S]; 22.6 [C] 43.5

Exper im enta l  Data: Soluble Exchangeable Sorbed  and Tota l
[99-1-7-12]

[Pb+2Total] = 3,233 mg k g ' 1
L e a d 1 L e a d 4 C om plexed

Lead
E, S , a n d  C 3 

Lead

V acuum  Ex trac t ion  M ethod mg k g ' 1 mg k g ' 1 mg k g ' 1 mg k g '1

0.0 1M C a ( N 0 3)2 Extrac table 3.48 - - -

0.03M L a ( N 0 3)3 Extrac table [3.48] 117 - -
0 .05M P b ( N 0 3)2 Extrac table N A NA NA NA

1 Soluble lead concentration based on calcium nitrate vacuum extraction method.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble lead concentration.
3 [E] Exhangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable lead equals 0.03M lanthanum nitrate extractable lead minus 0.01M calcium nitrate

extractable lead (i.e., 120-3.48).
N A  - N o t  analyzed.



concentration of exchangeable lead reported for this soil. However, the predicted lead 

partitioning reported by the NCMA and CMA appear reasonable based on published data.

The recovery of 10X more soluble and exchangeable lead from 99-1-7-12, the 

lowest pH soil, than 99-1-0-7 is unexpected and may be the result of smaller 

concentrations of available FeOOH and SOM binding sites. Lower concentrations of 

sorbed and complexed lead are expected in strongly acid soils due to a less negative solid 

surface. The decrease in negatively charged solid surfaces is due to the increased 

sorption of protons, which bind more strongly to FeOOH and SOM than lead. Any 

conclusions regarding the ability of the two modeling approaches to predict exchangeable 

lead in this soil depends on the cause of the high concentrations o f exchangeable lead.

98-3-5-10 Lead (Tables 41 and 421

The total lead concentration reported for sample 98-3-5-10 is 18,640 mg kg '1. 

The soluble, exchangeable, and sorbed/complexed lead concentrations are 9.40 mg kg '1, 

81.8 mg kg '1, and NA, respectively. The NCMA predicts exchangeable, sorbed, and 

complexed lead concentrations of 41.8, 1,052, and 2,355 mg kg '1, respectively. The 

CMA predicts exchangeable, sorbed, and complexed lead concentrations o f 7.24, 149, 

and 261 mg kg"1, respectively. In this case, the NCMA is a better predictor of 

exchangeable lead than the CMA.

The significant decrease in CMA predicted concentrations o f sorbed/complexed 

lead may be the result of copper and zinc competition for available binding sites. Similar 

results were described for lead sorption in the kaolinite system (Section 5.2.1).
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Table 41. Comparison o f modeling output data to experimental data for lead in sample 98-3-5-10
[non-competitive modeling approach -  lead only]

Modeling Data: Input Predicted Predicted Sorbed Total  Predicted
[98-3-5-10] Soluble Exchangeable and Complexed E, S , a n d  C 3

[Input and Predicted Concentra tions] L e a d 1 L ead2 Lead2 Lead

mg L"1 mg kg"1 mg kg"1 mg kg"1

0.235 41.8 1,052 [ S ] ;  2,355 [C] 3,449

Experimental  Data: Soluble Exchangeable Sorbed and T otal
[98-3-5-10] L e a d 1 Lead4 Complexed E , S , a n d  C 3

[ P b +2Tota1] = 18,640 mg kg-1 Lead Lead

Vacuum Extrac tion Method mg kg"1 mg kg"1 mg kg"1 mg kg"1

0.01M C a ( N 0 3)2 Extractable 9.40 - - -

0.03M L a ( N 0 3)3 Extractable [9.40] 81.8 - -
0.05M P b ( N 0 3)2 Extractable NA NA NA NA

1 Soluble lead concentration based on extraction with 0 .01M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble lead concentration.
3 [E] Exhangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable lead equals 0.03M lanthanum nitrate extractable lead minus 0 .01M calcium nitrate

extractable lead (i.e., 91.2-9.40).
NA - N o t  analyzed.
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Table 42. Comparison of modeling output data to experimental data for lead in sample 98-3-5-10
[competitive modeling approach -  lead with cadmium, copper, and zinc]

Modeling Data: Input Predic ted Predic ted Sorbed Total  Predic ted
[98-3-5-10] Soluble Exchangeab le and Complexed E, S , a n d  C 3

[Input and Predicted Concen tra t ions] L e a d 1 L e a d 2 L e a d 2 Lead

mg L"1 mg kg"1 mg kg"’ mg kg"1

0.235 7.24 149 [S]; 261 [C] 417

Experimenta l  Data: Soluble Exchangeable Sorbed  and Tota l
[98-3-5-10] L e a d 1 L e a d 4 Complexed E, S , a n d  C 3

[Pb+2Total] = 18,640 mg k g '1 Lead Lead

Vacuum Extrac tion M eth o d mg kg"1 mg kg"1 mg kg"1 mg kg"1

0.01M C a ( N 0 3)2 Extrac table 9.40 - - -

0.03M L a ( N 0 3)3 Extrac table [9.40] 81.8 - -
0.05M P b ( N 0 3)2 Extrac table NA NA NA NA

1 Soluble lead concentration based on extraction with 0 .01M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble lead concentration.
3 [E] Exhangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable lead equals 0.03M lanthanum nitrate extractable lead minus 0.01M calcium nitrate 

extractable lead (i.e., 91.2-9.40).
N A  - N o t  analyzed.



98-3-20-25 Lead (Tables 43 and 44)

The total lead concentration reported for sample 98-3-20-25 is 14,440 mg kg '1. 

The soluble, exchangeable, and sorbed/complexed lead concentrations are 1.24 mg kg '1,

30.5 mg kg '1, and NA, respectively. The NCMA predicts exchangeable, sorbed, and 

complexed lead concentrations of 16.8, 739, and 1,050 mg kg '1, respectively. The CMA 

predicts exchangeable, sorbed, and complexed lead concentrations o f 2.29, 25.7, and 132 

mg kg'1, respectively. The NCMA appears to be a better predictor o f exchangeable lead 

in this soil. The CMA model results, which are similar to 98-3-5-10, indicate the 

competition o f lead, zinc, and copper for available binding sites may play an important 

role in predicted lead partitioning.

Summary of Lead Modeling

Only limited comparisons between the modeling results and experimental data 

can be made due to the absence of any experimental sorbed/complexed lead data. 

Although both modeling approaches make reasonable predictions o f exchangeable lead, 

the NCMA is a better predictor than the CMA. The predicted lead partitioning appears to 

be reasonable based on published metal cation affinity sequences.

5.3.5 Zinc

99-1-0-7 Zinc (Tables 45 and 46)

The total zinc concentration reported for sample 99-1-0-7 is 7,760 mg kg '1. The 

soluble, exchangeable, and sorbed/complexed zinc concentrations are 65.2, 26.4, and 204
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Table 43. Comparison o f modeling output data to experimental data for lead in sample 98-3-20-25 
[non-competitive modeling -  lead only]

Modeling Data: Input Predic ted Predic ted  Sorbed Total  Predic ted
[98-3-20-25] Soluble Exchangeable and C om plexed E, S , a n d  C 3

[Input and Predicted Concentra tions] L e a d 1 L e a d 2 L e a d 2 Lead

mg L '1 mg k g '1 mg k g '1 mg k g '1

0.031 16.8 739 [S]; 1,050 [C] 1,806

Experimenta l  Data: Soluble Exchangeable Sorbed  and Total
[98-3-20-25]  

[Pb+2Total] = 14,440 mg k g '1
L e a d 1 L e a d 4 Com plexed

Lead
E, S , a n d  C 3 

Lead

Vacuum Extrac tion  M ethod mg k g ' 1 mg k g ' 1 mg k g ' 1 mg kg"1

0.01M C a ( N 0 3)2 Extrac table 1.24 - - -

0.03M L a ( N 0 3)3 Extrac table [1.24] 30.5 - -
0.05M P b ( N 0 3)2 Extrac table NA NA NA NA

1 Soluble lead concentration based on extraction with 0.01M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble lead concentration.
3 [E] Exhangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable lead equals 0.03M lanthanum nitrate extractable lead minus 0 .01M calcium nitrate

extractable lead (i.e., 31.7-1.24).
N A  - N o t  analyzed.
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Table 44. Comparison of modeling output data to experimental data for lead in sample 98-3-20-25
[competitive modeling approach -  lead with cadmium, copper, and zinc]

Model ing Data : Input Predic ted Predicted Sorbed Tota l  Predicted
[98-3-20-25] Soluble Exchangeab le and Complexed E, S, and C 3

[Input and Predic ted  Concentra tions] L e a d 1 L e a d 2 Lead2 Lead

mg L ' 1 mg kg"1 mg kg"1 mg k g '1

0.031 2.29 25.7 [S]; 132 [C] 160

Exper im enta l  Data: Soluble Exchangeab le Sorbed and Total
[98-3-20-25] L e a d 1 L e a d 4 Complexed E, S, and C 3

[Pb+2Total] =  14,440 mg k g '1 Lead Lead

Vacuum Extrac t ion  M ethod mg k g ' 1 mg k g '1 mg kg"1 mg k g '1

0.01M C a ( N 0 3)2 Extrac table 1.24 - - -

0.03M L a ( N 0 3) 3 Extrac table [1.24] 30.5 - -
0.05M P b ( N 0 3)2 Extrac table NA NA NA NA

1 Soluble lead concentration based on extraction with 0 .01M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble lead concentration.
3 [E] Exhangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable lead equals 0.03M lanthanum nitrate extractable lead minus 0.01M calcium nitrate

extractable lead (i.e., 31.7-1.24).
NA - N o t  analyzed.
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Table 45. Comparison of modeling output data to experimental data for zinc in sample 99-1-0-7
[non-competitive modeling approach -  zinc only]

Model ing Data:
[99-1-0-7]

[Input and Predicted C oncen tra t ions]

Input
Soluble

Z in c 1

Predic ted
Exchangeable

Z inc 2

Pred ic ted  Sorbed  
and C o m p lex ed  

Z inc 2

Total  Predic ted  
E, S , a n d  C 3 

Zinc

mg L 1 mg k g ' 1 mg k g ' 1 mg k g ' 1

1.63 21.4 34.8 [S]; 183 [C] 239

Exper imenta l  Data: Soluble Exchangeable Sorbed  and T otal
[99-1-0-7] 

[Z n+2Totai] = 7,760 mg k g ' 1

Zinc 1 Zinc 4 C o m p le x ed
Z in c 5

E, S, and C 3 

Zinc

Vacuum  Extrac t ion  M eth o d mg k g "1 mg k g ' 1 mg k g ' 1 mg k g ' 1

0.01M C a ( N 0 3) 2 Ex trac tab le 65.2 - - -

0.03M L a ( N 0 3) 3 Ex trac table [65.2] 26.4 - -
0.05M P b ( N 0 3) 2 Ex trac table [65.2] [26.4] 204 231

1 Soluble zinc concentration based on extraction with 0.0 1M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble zinc concentration.
3 [E] Exhangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable zinc equals 0.03M lanthanum nitrate extractable zinc minus 0.01M calcium nitrate 

extractable zinc (i.e., 91.6-65.2).
5 Sorbed and complexed zinc equals 0.05M lead nitrate extractable zinc minus the sum of

0.03M lanthanum nitrate extractable zinc and 0.01M calcium nitrate extractable zinc (i.e., 296-(26.4 + 65 .2)).



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

Table 46. Comparison of modeling output data to experimental data for zinc in sample 99-1-0-7
[competitive modeling approach -  zinc with cadmium, copper, and lead]

Modeling  Data: Inpu t Pred ic ted Predic ted Sorbed Tota l  Predic ted
[99-1-0-7] Soluble Exchangeable and Com plexed E, S , a n d  C 3

[Input and Predic ted  C oncen tra t ions] Z i n c 1 Zinc2 Zinc2 Zinc

mg L ' 1 mg k g ' 1 mg k g ' 1 mg k g '1

1.63 19.3 21.7 [S]; 117 [C] 158

Exper im enta l  Data: Soluble Exchangeab le Sorbed  and T otal
[99-1-0-7] Z in c 1 Zinc4 C omplexed E , S , a n d  C 3

[Zn+2Total] = 7 ,760 mg k g ' 1 Zinc5 Zinc

Vacuum E xt rac t ion  M ethod mg k g ' 1 mg k g ' 1 mg k g '1 mg k g ' 1

0.01M C a ( N 0 3) 2 Extrac table 65.2 - - -

0.03M L a ( N 0 3) 3 Extrac table [65.2] 26.4 - -
0.05M P b ( N 0 3) 2 Extrac table [65.2] [26.4] 204 231

1 Soluble zinc concentration based on extraction with 0.01M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble zinc concentration.
3 [E] Exhangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable zinc equals 0.03M lanthanum nitrate extractable zinc minus 0.0 1M calcium nitrate 

extractable zinc (i.e., 91.6-65.2).
5 Sorbed and complexed zinc equals 0.05M lead nitrate extractable zinc minus the sum of

0.03M lanthanum nitrate extractable zinc and 0.01M calcium nitrate extractable zinc (i.e., 296-(26.4 + 65 .2)).



mg kg '1, respectively. The NCMA predicts exchangeable, sorbed, and complexed zinc 

concentrations of 21.4, 34.8, and 183 mg kg'1, respectively. The CMA predicts 

exchangeable, sorbed, and complexed lead concentrations of 19.3, 21.7, and 117 mg kg '1, 

respectively. Both modeling approaches accurately predict zinc partitioning in this soil, 

although the NCMA is a slightly better predictor than the CMA.

99-1-7-12 Zinc (Tables 47 and 48)

The total zinc concentration reported for sample 99-1-7-12 is 1,822 mg kg '1. The 

soluble, exchangeable, and sorbed/complexed zinc concentrations are 32.1, 6.40, and

10.7 mg kg '1, respectively. The NCMA predicts exchangeable, sorbed, and complexed 

zinc concentrations of 11.0, 0.081, and 46.5 mg kg'1, respectively, while the CMA 

predicts exchangeable, sorbed, and complexed zinc concentrations o f 10.4, 0.081, and

25.7 mg kg '1, respectively. Although the NCMA and CMA can predict zinc partitioning 

in this soil, the CMA is a better predictor than the NCMA.

98-3-5-10 Zinc (Tables 49 and 50)

The total zinc concentration reported for sample 98-3-5-10 is 18,020 mg kg'1. 

The soluble, exchangeable, and sorbed/complexed zinc concentrations are 163, 0, and 

631 mg kg’1, respectively. The NCMA predicts exchangeable, sorbed, and complexed 

zinc concentrations o f 74.2, 195, and 1,067 mg kg'1, respectively. The CMA predicts 

exchangeable, sorbed, and complexed zinc concentrations of 48.9, 130, and 259 mg kg '1, 

respectively.

170

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

Table 47. Comparison of modeling output data to experimental data for zinc in sample 99-1-7-12
[non-competitive modeling approach -  zinc only]

Modeling Data: Input Predicted Predicted Sorbed Total  Predicted
[99-1-7-12] Soluble Exchangeable and Complexed E, S, and C 3

[Input and Predicted Concentrations] Z in c1 Zinc2 Zinc2 Zinc

mg L '1 mg k g '1 mg k g '1 mg k g '1

0.803 11.0 0.081 [S]; 46.5 [C] 57.6

Experimenta l  Data: Soluble Exchangeable Sorbed and T otal
[99-1-7-12] Z in c1 Zinc4 Complexed E, S , a n d  C 3

[Zn+2Total] = 1,822 mg k g '1 Zinc5 Zinc

Vacuum Extrac tion Method mg k g '1 mg k g '1 mg k g '1 mg k g ' 1

0.01M C a ( N 0 3)2 Extractable 32.1 - - -

0.03M L a ( N 0 3)3 Extractable [32.1] 6.40 - -
0.05M P b ( N 0 3)2 Extractable [32.1] [6.40] 10.7 17.1

1 Soluble zinc concentration based on extraction with 0.01M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble zinc concentration.
3 [E] Exhangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable zinc equals 0.03M lanthanum nitrate extractable zinc minus 0.0 1M calcium nitrate 

extractable zinc (i.e., 38.5-32.1).
5 Sorbed and complexed zinc equals 0.05M lead nitrate extractable zinc minus the sum of

0.03M lanthanum nitrate extractable zinc and 0.01M calcium nitrate extractable zinc (i.e., 49.2-(6.40 + 32.1)).
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Table 48. Comparison o f modeling output data to experimental data for zinc in sample 99-1-7-12
[competitive modeling approach -  zinc with cadmium, copper, and lead]

Model ing Data:  
[99-1-7-12]

[Input and Predic ted Concentra t ions]

Input 
So luble 

Z inc1

Predic ted
Exchangeable

Z inc2

Predic ted Sorbed  
and Com plexed  

Z inc2

Tota l  Predic ted  
E, S , a n d  C 3 

Zinc

T  - img L mg k g ' 1 mg k g ' 1 mg k g ' 1

0.803 10.4 0.080 [S]; 25.7 [C] 36.2

Experimenta l  Data: Soluble Exchangeab le Sorbed and Tota l
[99-1-7-12] 

[Zn+2Total] = 1,822 mg kg"1
Z inc1 Z inc4 C om plexed

Z inc5
E , S , a n d  C 3 

Zinc

Vacuum Extrac t ion  M eth o d mg k g '1 mg k g ' 1 mg k g ' 1 mg k g ' 1

0.01M C a ( N 0 3)2 Extrac table 32.1 - - -

0.03M L a ( N 0 3) 3 Extrac table [32.1] 6.40 - -
0.05M P b ( N 0 3)2 Extrac table [32.1] [6.40] 10.7 17.1

1 Soluble zinc concentration based on extraction with 0.0 1M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble zinc concentration.
3 [E] Exhangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable zinc equals 0.03M lanthanum nitrate extractable zinc minus 0.0 1M calcium nitrate 

extractable zinc (i.e., 38.5-32.1).
5 Sorbed and complexed zinc equals 0.05M lead nitrate extractable zinc minus the sum of

0.03M lanthanum nitrate extractable zinc and 0.01M calcium nitrate extractable zinc (i.e., 49.2-(6.40 + 32.1)).
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Table 49. Comparison o f modeling output data to experimental data for zinc in sample 98-3-5-10
[non-competitive modeling approach -  zinc only]

Modeling Data:  
[98-3-5-10]

[Input and Predic ted Concentra t ions]

Input
Soluble

Z in c1

Predic ted
Exchangeable

Zinc2

Predic ted  Sorbed 
and Com plexed  

Z inc2

Tota l  Predicted 
E, S , a n d  C 3 

Zinc

mg L '1 mg k g '1 mg k g '1 mg k g '1

4.08 74.2 195 [S3; 1,067 [C] 1,336

Exper im enta l  Data: S o lu b le Exchangeable Sorbed  and T otal
[98-3-5-10]

[Zn+2totai] = 18,020 mg k g ' 1
Z in c 1 Zinc4 Com plexed

Zinc5
E , S , a n d  C 3 

Zinc

Vacuum Extrac t ion  M ethod mg k g ' 1 mg k g ' 1 mg k g ' 1 mg k g '1

0.01M C a ( N 0 3)2 Extrac table 163 - - -

0.03M L a ( N 0 3)3 Extrac table [163] 0 - -
0.05M P b ( N Q 3)2 Extrac table [163] [0] 631 631

1 Soluble zinc concentration based on extraction with 0.01M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble zinc concentration.
3 [E] Exhangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable zinc equals 0.03M lanthanum nitrate extractable zinc minus 0.0 1M calcium nitrate 

extractable zinc (i.e., 152-163).
5 Sorbed and complexed zinc equals 0.05M lead nitrate extractable zinc minus the sum of

0.03M lanthanum nitrate extractable zinc and 0.01M calcium nitrate extractable zinc (i.e., 794-(0+163)).
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Table 50. Comparison o f modeling output data to experimental data for zinc in sample 98-3-5-10
[competitive modeling approach -  zinc with cadmium, copper, and lead]

Modeling  Data : Input Pred ic ted Pred ic ted  Sorbed Tota l  P red ic ted
[98 -3 -5 -10] Soluble E x ch angeab le and C o m p le x ed E, S , a n d  C 3

[Input and Pred ic ted  C on cen t ra t io n s ]  Z i n c 1 Z inc2 Z inc2 Z inc

T  " Img L mg k g ' 1 mg k g ' 1 mg k g "1

4.08 48.9 130 [S];  259 [C] 438

Exper im en ta l  Data : Soluble E xch an g eab le S orbed  and T otal
[98 -3 -5 -10 ] Z i n c 1 Z inc4 C om plexed E, S , a n d  C 3

[Z n+2Xotal] = 18,020 mg k g ' 1 Z inc5 Z inc

Vacuum  E x t rac t ion  M e th o d mg k g ' 1 mg k g ' 1 mg k g ' 1 mg k g "1

0.01M C a ( N 0 3) 2 Ex t rac tab le 163 - - -

0.03M L a ( N 0 3) 3 Ex t rac tab le [163] 0 - -
0.05M P b ( N O 3) 2 Ex t rac tab le [163] [0 ] 63 1 63 1

1 Soluble zinc concentration based on extraction withO.OlM calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble zinc concentration.
3 [E] Exhangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable zinc equals 0.03M lanthanum nitrate extractable zinc minus 0.01M calcium nitrate 

extractable zinc (i.e., 152-163).
5 Sorbed and complexed zinc equals 0.05M lead nitrate extractable zinc minus the sum of

0.03M lanthanum nitrate extractable zinc and 0.01M calcium nitrate extractable zinc (i.e., 794-(0+ 1 63)).



No exchangeable zinc is reported for this soil because the concentration of soluble 

zinc is greater than the concentration of exchangeable zinc. Both modeling approaches 

predict an exchangeable zinc concentration in the range o f values reported for both 

soluble and exchangeable zinc. The CMA is a better predictor o f sorbed/complexed zinc 

than the NCMA.

98-3-20-25 Zinc (Tables 51 and 52)

The total zinc concentration reported for sample 98-3-20-25 is 14,120 mg kg '1. 

The soluble, exchangeable, and sorbed/complexed zinc concentrations are 133, 0, and 

310 mg kg '1, respectively. The NCMA predicts exchangeable, sorbed, and complexed 

zinc concentrations of 51.0, 341, and 504 mg kg"1, respectively. The CMA predicts 

exchangeable, sorbed, and complexed zinc concentrations of 39.2, 216, and 140 mg kg '1.

No exchangeable zinc is reported for this soil because the concentration o f soluble 

zinc is greater than the concentration of exchangeable zinc. Both modeling approaches 

predict an exchangeable zinc concentration in the range of values reported for both 

soluble and exchangeable zinc. The CMA is a better predictor o f sorbed/complexed zinc 

than the NCMA.

Summary of Zinc Modeling

At the lower pHs and concentrations of total and soluble zinc, both modeling 

approaches can predict zinc partitioning. In sample 99-1-0-7, the NCMA is a better 

predictor o f zinc partitioning than the CMA, while the opposite is indicated in sample 99-
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Table 51. Comparison o f modeling output data to experimental data for zinc in sample 98-3-20-25
[non-competitive modeling approach -  zinc only]

Model ing Data : Input Predic ted Predic ted  Sorbed Tota l  Predic ted
[98-3-20-25] Soluble Exchangeab le and C om plexed E , S , a n d  C 3

[Input and Predicted Concen tra t ions] Z in c1 Zinc2 Z inc2 Zinc

t -img L mg k g ' 1 mg k g ' 1 mg k g '1

3.33 51.0 341 [S]; 504 [C] 896

Exper im enta l  Data: S o luble Exchangeab le Sorbed  and T otal
[98-3-20-25] Z in c1 Zinc4 C om plexed E, S , a n d  C 3

[ Z n + 2T o t a i ]  = 14,120 mg k g '1 Z in c5 Zinc

Vacuum  Extrac t ion  M ethod mg k g '1 mg k g '1 mg kg"1 mg k g '1

0.01M C a ( N 0 3)2 Extrac tab le 133 - - .

0.03M L a ( N 0 3)3 Extrac table [133] 0 - -
0.05M P b ( N O 3)2 Extrac table [133] [0] 310 310

1 Soluble zinc concentration based on extraction with 0.01M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble zinc concentration.
3 [E] Exhangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable zinc equals 0.03M lanthanum nitrate extractable zinc minus 0.01M calcium nitrate 

extractable zinc (i.e., 131-133).
5 Sorbed and complexed zinc equals 0.05M lead nitrate extractable zinc minus the sum of

0.03M lanthanum nitrate extractable zinc and 0.01M calcium nitrate extractable zinc (i.e., 443-(0+ 133)).
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Table 52. Comparison o f modeling output data to experimental data for zinc in sample 98-3-20-25
[competitive modeling approach -  zinc with cadmium, copper, and lead]

Model ing Data:  Inpu t  
[98-3-20-25]  Soluble 

[Input and Predic ted Concen tra t ions]  Z i n c 1

Predicted
Exchangeable

Zinc2

Predic ted  Sorbed 
and Complexed 

Zinc2

Tota l  Predicted 
E, S , a n d  C 3 

Zinc

mg L ' 1 mg k g ' 1 mg k g ' 1 mg k g ' 1

3.33 39.2 216 [S]; 140 [C] 395

Exper imenta l  Data: Soluble Exchangeable Sorbed  and T otal
[98-3-20-25]  

[Zn+2Tota]] = 14,120 mg k g ' 1

Z in c 1 Zinc4 Com plexed
Zinc 5

E , S , a n d  C 3 

Zinc

V acuum  Ex trac t ion  M ethod mg k g ' 1 mg k g ' 1 mg k g ' 1 mg k g ' 1

0.01M C a ( N 0 3) 2 Ext ractable 133 - - -

0.03M L a ( N 0 3) 3 Extrac table [133] 0 - -
0.05M P b ( N 0 3) 2 Ext ractable [133] [0 ] 310 310

1 Soluble zinc concentration based on extraction with 0.0 1M calcium nitrate.
2 Predicted value obtained from the sum of all component desorption curves at reported soluble zinc concentration.
3 [E] Exhangeable; [S] Sorbed; [C] Complexed.
4 Exchangeable zinc equals 0.03M lanthanum nitrate extractable zinc minus 0.0 1M calcium nitrate 

extractable zinc (i.e., 13 1-133).
5 Sorbed and complexed zinc equals 0.05M lead nitrate extractable zinc minus the sum of

0.03M lanthanum nitrate extractable zinc and 0.01M calcium nitrate extractable zinc (i.e., 443-(0+133)).



1-7-12. At higher pHs and concentrations o f total and soluble zinc, the CMA is a better 

predictor of sorbed/complexed zinc than the NCMA. Predicted zinc partitioning in the 

CMA is within reasonable variation of the experimental zinc data. Because the soluble 

zinc concentrations reported for the 98-1 soil profile are greater than the reported 

exchangeable zinc concentrations, no exchangeable zinc is reported for this location. 

However, the similar zinc concentrations reported for 0.01M Ca(NC>3)2 and 0.03M 

La(NC>3)3 are within a reasonable range of the predicted exchangeable zinc 

concentrations.
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6.0 THE IMPACT ON METAL PARTITIONING PREDICTION DUE TO 

UNCERTAINTY IN CLAY, FEOOH AND SOM WEIGHTING FACTORS

A key step in the modeling approach developed in this research is the calculation 

of weighting factors that proportion the different specimen materials into a mixture 

approximating an actual soil. The uncertainty in these weighting factors, which are based 

on clay composition estimates and assumptions regarding what percent of the reported

0_L o i t t
total A1 , Fe , and soil organic carbon (SOC) concentrations are involved in metals 

binding, may significantly impact metal partitioning predictions. The evaluation of the 

impacts on predicted concentrations of exchangeable, sorbed, and complexed metals due 

to the uncertainty in these key components could provide information on which 

weighting factor has the most significant impact on a surrogate soil.

Because this modeling effort included such a large number o f variables (i.e. four 

metals, three pH values, four textures, and a range of total Al3+, Fe3+, and SOC 

concentrations), this evaluation is limited in scope to five basic cases. Case #1 (the base 

case) represents surrogate soils constructed as described in Section 4.0 (Materials and 

Methods) and the modeling results reported in Section 5.0 (Results and Discussion). 

Case #2 represents surrogate soils where montmorillonite replaces illite as the dominant 

clay mineral (i.e. the estimated illite and montmorillonite percentages are switched), 

while the estimated percentage of kaolinite remains the same. Case #2 increases the 

concentrations o f exchangeable and specific sorption binding sites associated with clay
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minerals by 97% and 2.7% respectively, in surrogate soil 99-1-7-12 and 39% and 10% 

respectively, in surrogate soil 98-3-20-25. Case #3, which represents surrogate soils 

where the total A1 concentration is reduced by 50% (the estimated clay composition 

remains unchanged), causes a 50% decrease in the concentrations o f exchangeable and 

specific sorption binding sites associated with kaolinite, illite, and montmorillonite. Case 

#4 represents surrogate soils where the FeOOH/total Fe3+ ratio is increased from 0.5 (case 

#1) to 1 .0 , which doubles the concentration of specific sorption binding sites associated 

with FeOOH. Case 5, which represents surrogate soils where the SOM/SOC ratio is 

decreased from 1.0 (case #1) to 0.5, causes a 50% decrease in the concentration of 

complexation binding sites associated with SOM.

Total Al3+, Fe3+, and SOC data reported for three soils (99-1-0-7, 98-3-5-10, 98-3- 

20-25) are used in this evaluation. Sample 99-1-0-7 contains the lowest total Al3+, Fe3+, 

and SOC concentrations of the four Leadville soils used in this research. As a result, the 

surrogate soil constructed from 99-1-0-7 data contains the lowest estimated 

concentrations o f exchangeable, specific sorption, and complexation binding sites. The 

surrogate soil constructed from 98-3-20-25 data (which has the highest concentrations of 

total Al3+ and Fe3+ of the four Leadville soils) contains the highest estimated 

concentrations o f exchangeable and specific sorption binding sites associated with the 

three clay minerals and FeOOH. The surrogate soil constructed from sample 98-3-5-10 

data (which has the highest concentration of SOC of the four Leadville soils) contains the 

highest estimated concentration of complexation binding sites. In addition, the lowest 

predicted concentrations of exchangeable, sorbed, and complexed metals are reported for
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surrogate soil 99-1-7-12. Surrogate soil 98-3-20-25 contains the highest predicted 

concentrations o f exchangeable and sorbed metals, while surrogate soil 98-3-5-10 

contains the highest predicted concentration o f complexed metals.

The impacts of cases #2-#5 on predicted concentrations of exchangeable, sorbed, 

or complexed metals associated with the five specimen materials are linear in all cases 

(Appendix D, Tables D-l to D -ll) . Using case #2 in surrogate soil 98-3-20-25 as an 

example (Appendix D, Tables D - 6  and D-7), the estimated percent of illite decreases 

from 77% to 7%, while the estimated percent of montmorillonite increases from 7% to 

77%, an 11-fold decrease and increase respectively, in the two clay minerals. The 

recalculated illite and montmorillonite weighting factors also decrease and increase 

approximately 11-fold (i.e. the illite weighting factor decreases from 0.297 to 0.028 and 

the montmorillonite weighting factor increases from 0.033 to 0.356). As a result, the 

predicted concentrations of exchangeable metals bound to illite decrease approximately 

1 1  -fold, while the predicted concentrations o f exchangeable and sorbed metals bound to 

montmorillonite increase approximately 11-fold. The same effect is noted for case #3 in 

both surrogate soils where a 50% decrease in the total Al3+ concentration results in a 50% 

decrease in predicted concentrations of exchangeable and sorbed metals bound to 

kaolinite, illite, and montmorillonite (Appendix D, Tables D -l, D-3, D-6 , and D-8 ). In 

case #4, the increase in the FeOOH/Fe3+ ratio from 0.5 to 1.0 doubles the predicted 

concentrations of sorbed metals bound to FeOOH in both surrogate soils (Appendix D, 

Tables D -l, D-4, D-6 , and D-9). In case #5, the decrease in the SOM/SOC ratio from 1.0 

to 0.5 in both surrogate soils results in a 50% decrease in the predicted concentrations of
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complexed metals bound to SOM (Appendix D, Tables D -l, D-5, D-10, and D-l 1). The 

1 :1  response to changes in the various weighting factors is due to the fact that cases #2 - #5 

have no impact on the soluble metals concentrations used as model inputs nor the 

sorption curves used to calculate predicted concentrations of exchangeable, sorbed, and 

complexed metals. Cases #2-#5 impact only the final calculation step in the modeling 

process, the calculation of weighting factors.

Table 53 shows the changes in total predicted concentrations of exchangeable and 

sorbed metals bound to clay minerals do not reflect a 1 :1  response to changes in the clay 

weighting factors (e.g. the impacts of cases #2 and #3 on surrogate soil 98-3-20-25). The 

changes in total predicted concentrations of sorbed and complexed metals bound to 

FeOOH and SOM show an approximate 1:1 response to changes in the FeOOH and SOM 

weighting factors (e.g. the impacts of cases #4 and #5 on surrogate soils 99-1-7-12, 98-3- 

20-25, and 98-3-5-10). The variation in response of the different specimen materials to 

changes in the weighting factors is primarily due to a combination o f three factors; 1 . the 

number and types of specimen materials making up a class o f binding sites (i.e. 

exchangeable, sorbed, or complexed binding sites), 2 . the affinities o f the four metals for 

the different specimen materials, and 3. the predicted concentrations o f metals bound to 

the different specimen materials in a particular class of binding sites. First, as previously 

described in Section 4.0, Materials and Methods, the total predicted concentrations of 

exchangeable and sorbed metals are the sum of concentrations of metals bound to two or 

more specimen materials. For example, the total predicted concentration of exchangeable 

metals is the sum of concentrations of metals bound to cation exchange sites on kaolinite,
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Table 53. The impact o f clay, FeOOH, and SOM weighting factors on predicted concentrations of total exchangeable, total sorbed, and

oo
CO

total complexed metals 
99-1-7-12 Case #1 Case #2 
^changeable mg kg’1 mg kg’1

(CMA).

% * Sorbed
Case #1 
mg kg’1

Case #2 
mg kg'1

*

%
98-3-20-25 Case # 1 

Exchangeable mg kg' 1
Case #2 
mg kg'1

*

% Sorbed
Case #1 
mg kg'1

Case #2 
mg kg'1 %*

Cd 0.557 0.900 62 Cd 0.001 0.001 0 Cd 10.7 20.5 92 Cd 36.3 38.3 6
Cu 0.876 1.11 27 Cu 0.222 0.229 3 Cu 3.18 3.31 4 Cu 3.14 5.15 64
Pb 1.87 2.61 40 Pb 19.0 19.0 0 Pb 2.29 2.94 28 Pb 25.7 30.5 19
Zn 10.4 15.7 51 Zn 0.080 0.091 14 Zn 39.2 89.1 127 Zn 216 260 20

99-1-7-12 Case #1 
(changeable mg kg’

Case #3 
mg kg’1

*

% Sorbed
Case #1 
mg kg’1

Case #3 
mg kg'1 *

%
98-3-20-25 Case # 1 

Exchangeable mg kg'1
Case #3 
mg kg'1 %* Sorbed

Case #1 
mg kg'1

Case #3 
mg kg'1 %*

Cd 0.557 0.301 -46 Cd 0.001 0.001 0 Cd 10.7 8.40 -22 Cd 36.3 36.3 0
Cu 0.876 0.658 -25 Cu 0.222 0.219 -1 Cu 3.18 3.14 -1 Cu 3.14 3.04 -3
Pb 1.87 1.16 -38 Pb 19.0 18.9 -1 Pb 2.29 2.08 -9 Pb 25.7 25.4 -1
Zn 10.4 5.63 -46 Zn 0.080 0.075 -6 Zn 39.2 22.5 -43 Zn 216 214 -1

99-1-7-12
Sorbed

Case #1 
mg kg'1

Case #4 
mg kg'1 %*

98-3-20-25
Sorbed

Case #1 
mg kg’1

Case #4 
mg kg'1

*

%
99-1-7-12

Complexed
Case #1 
mg kg'1

Case #5 
mg kg'1

*

%
98-3-5-10 Case # 1 

Complexed mg kg’1
Case #5 
mg kg'1 %

Cd 0.001 0.002 100 Cd 36.3 72.1 99 Cd 1.71 0.854 -50 Cd 228 114 -50
Cu 0.222 0.435 96 Cu 3.14 6.04 92 Cu 15.6 7.80 -50 Cu 237 119 -50
Pb 19.0 37.6 98 Pb 25.7 50.6 97 Pb 22.6 11.3 -50 Pb 261 130 -50
Zn 0.080 0.150 88 Zn 216 426 97 Zn 25.7 12.9 -50 Zn 259 129 -50

* represents the percent increase/decrease in predicted concentrations between case 1 and cases 2, 3, 4, or 5.
Case #1 represents surrogate soils as described in Sections 4.0 and 5.0.
Case #2 represents surrogate soils where montmorillonite replaces illite as the dominant clay mineral.
Case #3 represents surrogate soils where the estimated clay composition remains the same, but total Al3+ is reduced by 50%. 
Case #4 represents surrogate soils where the FeOOH/total Fe3+ ratio increases from 0.5 to 1.0.
Case #5 represents surrogate soils where the SOM/SOC ratio decreases from 1.0 to 0.5.



illite, montmorillonite, dissolved SOM, plus (D) and (G) metal complexes associated 

with solid SOM. The total predicted concentration of sorbed metals is the sum of 

concentrations o f metals bound to specific sorption sites on kaolinite, montmorillonite, 

and the strong and weak specific sorption sites associated with FeOOH. The total 

predicted concentration o f complexed metals is solely the concentration o f metals bound 

to solid SOM. Thus, any change in an individual weighting factor will have a direct 1:1 

impact only on the predicted concentrations of metals bound to the affected specimen 

material. Predicted concentrations of metals bound to specimen materials unaffected by a 

particular test case will not be impacted. Second, the predicted concentrations of metals 

reflect the affinities o f the different metals for a particular binding site on a specimen 

material. The approximate affinity sequence for kaolinite, illite, montmorillonite, and 

FeOOH is Pb>Cu>Zn>Cd, while the approximate affinity sequence for SOM is 

Cu>Pb>Zn>Cd. Third, the predicted concentrations of metals bound to each specimen 

material in a class o f binding sites can significantly influence the response when one or 

more o f the specimen materials in that class of binding sites is changed. For example, in 

surrogate soil 99-1-7-12 (Table 53) where a large concentration of sorbed lead is bound 

to the strong and weak binding sites associated with FeOOH and a small concentration of 

sorbed lead is bound to the three clay minerals, changing the clay fraction (i.e. cases #2 

and #3) will have a small impact on the total predicted concentration of sorbed lead. 

However, in the case of zinc in surrogate soil 98-3-20-25 (Table 53), a large 

concentration of exchangeable zinc is bound to illite and montmorillonite, thus any 

change in the clay fraction (cases #2 and #3) will have a great impact on the total
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predicted concentration of exchangeable zinc. As Table 53 shows, sorting out the 

influence o f each factor on the change in predicted concentrations of metals caused by 

one of the test cases is difficult and as a consequence, only generalizations can be made.

Generally speaking, in surrogate soils 99-1-7-12 and 98-3-20-25, cases #2 and #3 

impact predicted concentrations of exchangeable cadmium and zinc more than 

exchangeable copper and lead. The results suggest the majority o f exchangeable 

cadmium and zinc is bound to the clay fraction, while the majority of exchangeable 

copper and lead is bound to the FeOOH and SOM fractions. Overall, the impact o f cases

a a2 and 3 on the predicted concentrations of exchangeable metals is greater in surrogate 

soil 99-1-7-12 than in surrogate soil 98-3-20-25. This result is due to the significantly 

lower predicted concentrations o f exchangeable metals bound to the clay and SOM 

fractions in surrogate soil 99-1-7-12 versus 98-3-20-25. Thus, the change in the 

predicted concentrations of exchangeable metals bound to the clay fraction in surrogate 

soil 99-1-7-12 is not buffered by any significant concentrations of exchangeable metals 

bound to SOM. The impact of case #2 on the predicted concentrations of sorbed metals is 

greatest in surrogate soil 98-3-20-25 and is due to the high concentrations o f metals plus 

the significant increase in specific sorption binding sites associated with montmorillonite.

The changes in predicted concentrations of sorbed metals reported for case #4 

(Table 53) show an approximate two-fold increase in both surrogate soils. The two-fold 

increase corresponds to the doubling o f specific sorption binding sites associated with 

FeOOH. The result is due to the fact that the majority of specific sorption sites available 

in these two surrogate soils is associated with FeOOH. Thus, a change in the FeOOH
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content results in an approximate 1 :1  change in the predicted concentrations of sorbed 

metals. The changes in predicted concentrations of complexed metals reported for case 

#5 (Table 53) show a two-fold decrease in both surrogate soils. The identical changes are 

due to the fact that the SOM fraction consists only of metals bound to solid SOM. Thus, 

a decrease in the concentration of SOM also decreases the predicted concentrations of 

complexed metals by approximately the same amount.

Table 54 summarizes for each test case, the increase or decrease in the sum of 

predicted concentrations of metals (i.e. total exchangeable metals + total sorbed metals + 

total complexed metals). The percent changes reported in Table 54 for each test case are 

generally less than the percent changes reported in Table 53 for individual classes of 

binding sites. The smaller changes reported in Table 54 reflect the varying influence of 

each class o f binding sites on the overall predicted concentrations o f metals. In both 

surrogate soils, the impacts of cases 2 and 3 on the predicted concentrations of 

cadmium, copper, lead, and zinc are greater for cadmium and zinc than copper and lead. 

As discussed previously, the results are due to the fact that a high proportion of the 

cadmium and zinc are associated with the clay fraction. Thus, any change in the clay 

fraction due to cases #2 and #3 will impact cadmium and zinc more than copper or lead. 

For case #4, the results suggest that a significant fraction of the cadmium, lead, and zinc 

present in surrogate soil 98-3-20-25 is bound to FeOOH and that any change in the 

FeOOH weighting factor will cause a larger change in the predicted concentrations of 

metals than a similar change in the clay fraction. The small change in the predicted 

concentration of copper in surrogate soil 98-3-20-25 may reflect the fact that the majority

186

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

Table 54. The impact of clay, FeOOH, and SOM weighting factors on total predicted (exchangeable, sorbed, and complexed) 
metals concentrations (CMA).

99-1-7-12 Case #1 Case #2 Case #3 Case #4 Case #5 99-1-7-12 Case #1 Case #2 Case #3 Case #4 Case #5
i -i*mg kg i -i*mg kg mg kg i -i*mg kg i -i*mg kg mg kg % % % %

Cd 2.27 2.61 2 .0 1 2.27 1.39 Cd 2.27 15 -1 1 0 -39
Cu 16.7 16.9 16.5 16.9 8 .6 8 Cu 16.7 1 -1 1 -48
Pb 43.5 44.2 42.7 62.1 31.9 Pb 43.5 2 - 2 43 -27
Zn 36.2 41.5 31.4 36.3 23.0 Zn 36.2 15 -13 0 -37

98-3-20-25 Case #1 Case #2 Case #3 Case #4 98-3-20-25 Case # 1 Case #2 Case #3 Case #4
i -i*mg kg i -i*mg kg i -i* mg kg i -i*mg kg i -i*mg kg % % %

Cd 173 185 171 209 Cd 173 7 -1 2 1

Cu 135 137 135 138 Cu 135 2 0 2

Pb 160 165 159 185 Pb 160 3 0 16
Zn 395 489 376 605 Zn 395 24 -5 53

98-3-5-10 Case #1 Case #5 98-3-5-10 Case #1 Case #5
i -i* mg kg i -i* mg kg i -i*mg kg %

Cd 261 142 Cd 261 -46
Cu 264 143 Cu 264 -46
Pb 417 284 Pb 417 -32
Zn 438 302 Zn 438 -31

* Sum of predicted total exchangeable, total sorbed, and total complexed metals concentrations.
Case #1 represents surrogate soils as described in Sections 4.0 and 5.0.
Case #2 represents surrogate soils where montmorillonite replaces illite as the dominant clay mineral.
Case #3 represents surrogate soils where the estimated clay composition remains the same, but total Al3+ is reduced by 50%. 
Case #4 represents surrogate soils where the FeOOH/total Fe3+ ratio increases from 0.5 to 1.0.
Case #5 represents surrogate soils where the SOM/SOC ratio decreases from 1.0 to 0.5.



of all copper present in this surrogate soil is bound to SOM. In surrogate soil 99-1-7-12, 

case 4 causes a large increase in lead sorption and a <1% increase in bound cadmium, 

copper, and zinc. The results reflect the combination o f lead’s much stronger affinity for 

FeOOH than the other three metals and the limited availability of specific sorption 

binding sites in surrogate soil 99-1-7-12.

The 50% decrease in SOM causes the greatest change in predicted concentrations 

o f metals in both surrogate soils. The results indicate that in surrogate soil 98-3-5-10, 

significant fractions of each metal are bound to the SOM fraction. However, the changes 

reported in surrogate soil 99-1-7-12 indicate that the low concentrations o f metals bound 

to the different specimen materials do not buffer the impact of case #5 on this system. 

The less than 1:1 response to case #5 as reported for complexed metals in Table 53 is the 

influence of metals bound to FeOOH and clay minerals, which are not affected by case 

#5.

Based on the results of this evaluation, uncertainty in SOM weighting factors 

cause the greatest changes in predicted concentrations of metals. Uncertainty in FeOOH 

weighting factors can have significant impacts on predicted concentrations o f metals

o  i

particularly in soils at higher pHs and concentrations o f total Fe . Overall, uncertainty in 

clay weighting factors are expected to have the least impact on the sum of predicted 

concentrations of metals due to the fact that the concentrations of exchangeable and 

specific sorption binding sites associated with clay minerals constitute a small fraction of 

the total concentration of available binding sites. However, in certain situations such as 

high clay soils with high concentrations of metals, uncertainty in clay weighting factors
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will have a significant impact on predicted concentrations of exchangeable metals, 

particularly cadmium and zinc. Any changes in the predicted concentrations of 

exchangeable metals is of significant interest because o f the direct influence of 

exchangeable metals concentrations on the prediction of potentially bioavailable (i.e. 

soluble) metals.

189

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



7.0 SUMMARY AND CONCLUSIONS

Competitive and non-competitive modeling approaches were developed to predict 

cadmium, copper, lead, and zinc partitioning in contaminated pasture soils near 

Leadville, CO. Both modeling approaches included surrogate soils comprised o f five 

specimen materials [i.e. kaolinite, illite, montmorillonite, iron oxide (FeOOH), and soil 

organic matter (SOM)]. The physical and chemical properties o f the specimen materials, 

which were described with data obtained primarily from the literature, represent 

individual soil components in four contaminated soils. To approximate natural soils, the 

compositions o f the surrogate soils were adjusted using a unique set o f weighting factors 

calculated from XRD and total aluminum, iron, and soil organic carbon (SOC) data. The 

sorption of cadmium, copper, lead, and zinc was modeled using soluble metals data and 

two chemical equilibrium/speciation software programs; MINEQL+, Version 4.5 and 

Visual MINTEQ, Version 2.30. MINEQL+ was selected to model the clay and oxide 

fractions, while Visual MINTEQ was used for SOM modeling. Within these two 

software programs, the Vanselow selectivity coefficient and four surface complexation 

models (i.e. Constant Capacitance Model, Generalized Two-Layer Model, Stockholm 

Humic Model, and a non-electrostatic surface complexation model) were selected to 

describe the sorption processes of these four metals to individual specimen materials.

Predicted concentrations of exchangeable, sorbed, and complexed metals were 

compared to experimental data generated from the selective extraction of four
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contaminated soils. The non-competitive modeling approach (NCMA) and competitive 

modeling approach (CMA) were tested across a range of pHs, soil textures, SOC levels, 

and concentrations o f soluble cadmium, copper, lead, and zinc, and total aluminum and 

iron. Summaries of the comparison of experimental data to predicted concentrations of 

metals in the NCMA and CMA are provided in Tables 55 and 56, respectively.

The comparisons o f experimental data to predicted concentrations of 

exchangeable, sorbed, and complexed metals are largely qualitative because the 

selectivities and efficiencies of the various extractant solutions used in the selective 

extraction procedure could not be quantified. The lack of quantitation is due to the 

uncertainty o f an extractant solution’s ability to recover 1 0 0 % of a metal bound to one 

type o f reactive site (e.g. sorbed) or individual soil component (e.g. FeOOH). The 

problem of quantifying the selectivities and efficiencies of extractant solutions is 

common to all sequential or selective extraction procedures.

As a first approximation, the concentrations of exchangeable, sorbed, and 

complexed metals predicted by the two modeling approaches should be similar to the 

concentrations o f metals recovered from soils during the selective extraction process. As 

the data show in Tables 55 and 56, similar concentrations o f metals are reported by the 

selective extraction procedure and the two modeling approaches. To provide a more 

precise description o f the predictive capabilities of both modeling approaches, it is 

assumed that predicted concentrations o f metals within one order o f magnitude (i.e. 

±10X) o f the experimental data are acceptable modeling results. The percent o f one 

order o f magnitude that predicted concentrations of metals are over or under the
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Table 55. Comparison of experimental metals data to predicted concentrations of 
exchangeable and sorbed/complexed cadmium, copper, lead, and zinc 
[non-competitive modeling approach]

Experimental Experimental Experimental Predicted1 Experimental Predicted1
Total Soluble Exchangeable Exchangeable Sorbed/ Sorbed/

Metals Metals Metals Metals Complexed
Metals

Complex(
Metals

mg kg'1 mgL"1 mg kg'1 mg kg"1 mg kg'1 mg kg"1
Cadmium

99-1-0-7 43.2 0.227 6.52 4.71 13.4 119
99-1-7-12 11.2 0.080 1.56 0.563 0.590 2.06
98-3-5-10 98.0 0.835 12.2 35.0 60.4 767
98-3-20-25 146 0.940 34.9 23.0 24.8 512

Copper

99-1-0-7 633 0.008 0.276 1.65 102 81.6
99-1-7-12 336 0.026 9.06 0.976 44.0 21.2
98-3-5-10 435 0.018 0.520 6.30 66.2 306
98-3-20-25 213 0.006 0.104 1.55 2.76 93.1

Lead

99-1-0-7 4,430 0.008 11.8 2.42 NA2 315
99-1-7-12 3,230 0.087 117 2.32 NA2 74.7
98-3-5-10 18,600 0.235 81.8 41.8 NA2 3,410
98-3-20-25 14,400 0.031 30.5 16.8 NA2 1,790

Zinc

99-1-0-7 7,760 1.63 26.4 21.4 204 218
99-1-7-12 1,820 0.803 6.40 11.0 10.7 46.6
98-3-5-10 18,000 4.08 <0.003 74.2 631 1,260
98-3-20-25 14,100 o  ̂‘"iJ.JJ <0.004 51.0 310 845

1 Non-competitive modeling approach.
2 Not analyzed because sorbed and complexed metals were extracted with 0.05M Pb(N03)2.
3 Exchangeable zinc calculated by subtracting total soluble zinc (163 mg kg"1) 

from total exchangeable zinc (152 mg kg"1).
4 Exchangeable zinc calculated by subtracting total soluble zinc (133 mg kg"1) 

from total exchangeable zinc (131 mg kg"1).
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Table 56. Comparison of experimental metals data to predicted concentrations of
exchangeable and sorbed/complexed cadmium, copper, lead, and zinc 
[competitive modeling approach]

Experimental Experimental Experimental Predicted1 Experimental Predicted1
Total Soluble Exchangeable Exchangeable Sorbed/ Sorbed/

Metals Metals Metals Metals Complexed
Metals

Comple?
Metal:

mg kg'1 mgL'1 mg kg'1 mg kg"1 mg kg'1 mg kg'
Cadmium

99-1-0-7 43.2 0.227 6.52 3.12 13.4 59.0
99-1-7-12 11.2 0.080 1.56 0.557 0.590 1.71
98-3-5-10 98.0 0.835 12.2 15.0 60.4 246
98-3-20-25 146 0.940 34.9 10.7 24.8 162

Copper

99-1-0-7 633 0.008 0.276 2.12 102 92.6
99-1-7-12 336 0.026 9.06 0.876 44.0 15.8
98-3-5-10 435 0.018 0.520 5.93 66.2 258
98-3-20-25 213 0.006 0.104 3.18 2.76 132

Lead

99-1-0-7 4,430 0.008 11.8 1.04 NA2 171
99-1-7-12 3,230 0.087 117 1.87 NA2 41.6
98-3-5-10 18,600 0.235 81.8 7.24 NA2 410
98-3-20-25 14,400 0.031 30.5 2.29 NA2 158

Zinc

99-1-0-7 7,760 1.63 26.4 19.3 204 139
99-1-7-12 1,820 0.803 6.40 10.4 10.7 25.8
98-3-5-10 18,000 4.08 <0.003 48.9 631 389
98-3-20-25 14,100 -■> n  n <0.004 39.2 310 356

1 Competitive modeling approach.
2 Not analyzed because sorbed and complexed metals were extracted with 0.05M Pb(N03)2.

3 Exchangeable zinc calculated by subtracting total soluble zinc (163 mg kg'1) 
from total exchangeable zinc (152 mg kg'1).

4 Exchangeable zinc calculated by subtracting total soluble zinc (133 mg kg'1) 
from total exchangeable zinc (131 mg kg'1).
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experimental data was calculated for each metal in the four soils (Table 55). The 

calculated percent values provide a common reference point for discussing the 

performance of the two modeling approaches. Small percent values indicate a closer fit 

of the experimental data than large percent values. However, predicted concentrations of 

metals can easily exceed the one order of magnitude criteria in cases where very low 

concentrations o f metals are extracted from soils (e.g. exchangeable copper for the 98-3 

soil profile range from 0.104 to 0.520 mg kg'1). The accuracy o f both modeling 

approaches at very low concentrations is not precise enough to consistently predict trace 

levels o f metals within one order of magnitude. Thus, exceeding the one order of 

magnitude criteria at very low concentrations of metals does not necessarily indicate poor 

model performance.

Table 57 shows the NCMA and CMA can predict within one order o f magnitude, 

exchangeable cadmium concentrations in all four soils, exchangeable copper and zinc in 

the 99-1 soil profile, and exchangeable lead concentrations in three out of four soils. 

Both modeling approaches exceed the one order o f magnitude criteria for exchangeable 

copper in the 98-3 soil profile and exchangeable lead in sample 99-1-7-12.

The copper results are likely the combination of very low exchangeable copper 

concentrations (i.e. 0.104-0.520 mg kg'1) reported for the 98-3 soil profile and the 

inability o f the two modeling approaches to consistently predict within one order of 

magnitude at low concentrations o f metals. The reason both modeling approaches exceed 

the criteria limits in predicting exchangeable lead in sample 99-1-7-12 is probably due to 

the unexpectedly high quantity of exchangeable lead (i.e. 117 mg kg '1) recovered. Based
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Table 57. Performance comparison of the non-competitive and competitive 
modeling approaches based on percent of one order o f magnitude

NCMA1 CMA2 NCMA CMA
Exchangeable Exchangeable Sorbed and Sorbed and 

Metals Metals Complexed Complexed
Metals Metals

% OM3 % OM % OM % OM
Cadmium

99-1-0-7 31 58 88 38
99-1-7-12 71 71 28 21
98-3-5-10 21 2.6 130 34
98-3-20-25 38 77 220 62

Copper
99-1-0-7 54 66 22 10
99-1-7-12 99 100 58 71
98-3-5-10 120 120 40 32
98-3-20-25 160 340 360 520

Lead
99-1-0-7 88 100 NC5 NC
99-1-7-12 110 110 NC NC
98-3-5-10 54 100 NC NC
98-3-20-25 50 100 NC NC

Zinc
99-1-0-7 21 30 0.76 35
99-1-7-12 8.0 6.9 37 16
98-3-5-10 513 683 11 43
98-3-20-25 614 704 19 1.6

1 Non-competitive modeling approach.
2 Competitive modeling approach.
3 Percent of one order of magnitude.
3 For comparison purposes only, the total exchangeable zinc concentration 

reported for 98-3-5-10 (152 mg kg-1) was assumed to be correct.
4 For comparison purposes only, the total exchangeable zinc concentration 

reported for 98-3-20-25 (131 mg kg-1) was assumed to be correct.
5 Not calculated because 0.05M Pb(N03)2 was used to extract sorbed 

and complexed metals.
Bold - One order of magnitude exceeded.
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on the calculated percent values, the NCMA is a better predictor o f exchangeable lead 

than the CMA.

No evaluation of predicted exchangeable zinc in the 98-3 soil profile can be made 

because slightly more total soluble zinc (i.e. 98-3-5-10, 163 mg kg '1; 98-3-20-25, 133 mg 

kg '1) was recovered than total exchangeable zinc (i.e. 98-3-5-10, 152 mg kg '1; 98-3-20- 

25, 131 mg kg’1). As described in Section 4.0, the exchangeable zinc concentration is 

calculated by subtracting the concentration of total soluble zinc from the concentration of 

total exchangeable zinc. In the case of the 98-3 soil profile, a value of <0 mg kg ' 1 of 

exchangeable zinc is reported. The results are unexpected and the data suggest that a 

significant fraction o f the zinc in these two soils is associated primarily with the soluble 

fraction rather than the exchangeable fraction. However, if the assumption is made that 

the concentrations o f total exchangeable zinc reported for these two soils are correct, both 

modeling approaches predict exchangeable zinc concentrations within one order of 

magnitude of the experimental data (Table 57).

The NCMA and CMA can also predict within one order of magnitude; sorbed and 

complexed cadmium, copper, and zinc in the 99-1 soil profile, sorbed and complexed 

zinc in the 98-3 soil profile, and sorbed and complexed copper in sample 98-3-5-10. 

Although, both modeling approaches overpredict sorbed and complexed cadmium 

concentrations in three out of four soils (Tables 55 and 56), the CMA is a better predictor 

o f sorbed and complexed cadmium than the NCMA. Based on a review of the 

performance o f both modeling approaches with regards to cadmium and the other three
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metals, the source of cadmium overprediction may be associated with the cadmium 

binding constants selected from the literature to model the FeOOH and SOM fractions.

In sample 98-3-20-25, the NCMA and CMA exceed one order o f magnitude in 

predicting sorbed and complexed copper. The failure to predict sorbed and complexed 

copper in this particular soil may be associated with the unexpectedly low concentrations 

of sorbed and complexed copper (i.e. 2.76 mg kg '1) recovered rather than a problem with 

either modeling approach.

Since 0.05M Pb(N0 3 ) 2  was used to extract sorbed and complexed metals from 

these soils, no evaluation of model performance can be made for sorbed and complexed 

lead. However, the predicted concentrations o f sorbed and complexed lead reported for 

these soils (Tables 55 and 56) appear to be reasonable estimates o f potential lead 

partitioning. The conclusion is based on a comparison of total lead and zinc 

concentrations, metal cation affinity sequences reported for clay minerals (Farrah et al, 

1980), FeOOH (Dzombak and Morel, 1990), and humic substances (Gustafsson, 2004), 

binding constants for lead and zinc, and predicted zinc partitioning.

Based on the evaluation of data listed in Tables 55-57, both modeling approaches 

with few exceptions, are able to provide reasonable estimates o f the experimental data 

across a range of pHs and soil compositions. Qualitatively, the CMA is a better predictor 

of sorbed and complexed metals than the NCMA, while the NCMA is a slightly better 

predictor o f exchangeable metals. O f interest, is the finding that the two modeling 

approaches which were developed with data obtained primarily from the literature and 

supplemented with XRD and total aluminum, iron, and SOC data, can provide reasonable
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estimates of metal partitioning independently of metal partitioning data derived from the 

selective extraction process. The results support the conclusion that a qualitative 

determination o f metal partitioning can be achieved by either the selective extraction and 

analyses of contaminated soils or the application of modeling systems consisting of 

surrogate soils supplemented with data from the literature.

Based on a review of the eight metal partitioning tables in Appendix C, both 

modeling approaches can be simplified. In this study, the exchangeable fraction consists 

o f metals from cation exchange sites associated with kaolinite, illite, and 

montmorillonite, dissolved SOM metal complexes, and diffuse layer and charge 

screening metal complexes associated with solid SOM. The sorbed metals fraction 

consists o f specific sorption sites associated with kaolinite, montmorillonite, and FeOOH. 

Based simply on the percent of the total predicted exchangeable and sorbed metals 

contributed by each specimen material and the percent changes in predicted 

concentrations of metals due to changes in clay weighting factors (Section 6.0), the 

exchangeable and sorbed fractions can be reduced without the introduction of much 

predictive error to illite and FeOOH, respectively. Thus, the modeling of these 

contaminated soils can be accomplished with surrogate soils consisting of three specimen 

materials; illite for exchangeable metals, FeOOH for sorbed metals, and SOM for 

complexed metals. A study by Dijkstra et al (2004) reported a similar conclusion in 

which FeOOH/AlOOH, SOM, and illite clay were considered the three primary soil 

components necessary to model metals contaminated soils in the Netherlands.
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The weighting factors used in this study can be modified to adjust the surrogate 

soils for use with other contaminated soils o f similar composition. Total aluminum, iron, 

SOC, and XRD data are the primary requirements for adjusting the weighting factors. 

One possible modification to the calculation of FeOOH weighting factors is to combine 

the concentrations of total iron and total manganese. Metal binding constants for 

manganese oxides are in the same general range o f metal binding constants listed for 

FeOOH. The ‘new’ oxide (FeOOH and MnO/MnOOH) weighting factor would represent 

a more generalized oxide fraction. In cases where XRD data indicate the significant 

presence o f AlOOH minerals, a portion of the total aluminum can be combined with total 

iron and total manganese to generate an oxide weighting factor representing FeOOH, 

AlOOH, and MnO/MnOOH. In that event, the calculation o f clay weighting factors will 

require adjustment to compensate for the reduced amount of aluminum available. In soils 

that contain peat, the SOM weighting factor can be converted to a peat weighting factor 

using the conversion factors and multipliers listed in Section 4.0, Materials and Methods.

As previously discussed in Section 6.0, the inherent uncertainty in the clay, 

FeOOH, and SOM weighting factors can have significant impacts on the prediction of 

metal partitioning in these contaminated soils. The uncertainty in the weighting factors is 

due to the method used to estimate the clay composition and the assumptions regarding 

what percent of the reported total Al3+, Fe3+ and SOC concentrations are involved in 

metals binding. Errors in the values of SOM weighting factors have the greatest impact 

on the prediction of metal partitioning in the four contaminated soils. Errors in the values 

of FeOOH weighting factors can have significant impacts on predicted metal partitioning
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in slightly acid soils containing high concentrations of metals, specific sorption binding 

sites, and Fe3+. Errors in the values o f SOM and FeOOH weighting factors have less 

impact on the prediction of metal partitioning in strongly acid soils with low

• T -F  ♦concentrations of Fe , SOC, and metals. Errors in the values of clay weighting factors, 

which have the least impact on the overall prediction of metal partitioning, can 

significantly impact the predicted partitioning of metals associated with the clay fraction 

in soils containing high concentrations of illites and smectites.

To verify the performance of both modeling approaches, quantification of the 

selectivities and efficiencies of the extractant solutions used in the selective extraction 

procedure is highly recommended. Additional research into the impacts o f the horizontal 

shaker system (HSS) and the vacuum extraction system (VES) on the recovery o f metals 

is also recommended. Table 20 data show the HSS recovered 2-36X more lead and 4- 

23X more zinc than the VES. The greater recovery of these two metals by the HSS 

correlated poorly with the predicted partitioning of lead and zinc (e.g. zinc, Table 1, 

Appendix E). The smaller quantities of metals recovered by the VES provided a better fit 

of predicted lead and zinc partitioning (e.g. zinc, Table 1, Appendix C). As described 

previously in section 5.1.4, the goal of this research is to develop a general modeling 

approach that can predict metal partitioning in relatively undisturbed soils and not the 

partitioning of metals in soil suspensions subjected to agitation similar to that provided 

by the HSS. Therefore, the larger quantities of metals recovered with a selective 

extraction procedure using the HSS is not necessarily a good result for the purpose of this 

research.
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The data listed in Tables 55 and 56 also show that compared to the very high 

concentrations of total lead and zinc reported for these soils, low concentrations of 

exchangeable, sorbed, and complexed lead and zinc were recovered by the selective 

extraction process or predicted by the two modeling approaches. The results suggest that 

the conclusions of environmental risk studies based primarily on total metals data may 

not describe the true potential a contaminated site poses to the environment. Estimates of 

metals associated with the exchangeable, sorbed, and complexed fractions in soils can 

provide important data regarding the long-term potential of these fractions to supply 

metals to the most bioavailable fraction, soluble metals.

The application o f the NCMA and CMA to additional contaminated soils on the 

Bernie Smith Ranch or contaminated soils from other locations can provide opportunities 

to test the validity of the general modeling approach and determine the impacts on the 

prediction o f metal partitioning due to uncertainty in the clay, FeOOH, and SOM 

weighting factors. The additional data can lead to further refinements in the modeling 

approach. One benefit in using the NCMA and CMA in studies o f metals contaminated 

soils is the reduction in the amount o f data required to apply the general modeling 

approach. Estimates of metal partitioning in contaminated soils can be generated using 

appropriate specimen material(s) modeling parameters and a small dataset consisting of 

soluble metals, total aluminum, total iron, SOC, pH, and XRD data.
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Table B - l . Concentrations o f total metal and major cations for soil profile 98-1

Samples 98-1-0-5 98-1-0-5
(Duplicate)

98-1-5-10 98-1-10-15 98-1-15-:

Cations mg kg ' 1 mg kg ' 1 mg kg ' 1 mg kg ' 1 mg kg'
Ca 6226 6767 5546 6519 4978
Mg 5040 5376 4291 7432 6966
Na 5601 5098 5522 3389 6883
K 23435 19145 22675 20865 24125
P 1850 1993 990 2029 1372

Al 47188 44478 39618 55198 60028
Fe 52971 57088 33128 85413 54327
Mn 4893 5204 2671 3631 941
Ti 2679 2723 2084 2891 3732
Cu 856 864 349 1160 691
Zn 10516 11606 5523 21036 10026
Ni 1 2 .1 12.7 7.52 10.4 13.3
Mo 10.5 9.42 3.58 8.14 3.79
Cd 46.4 51.5 24.7 52.6 35.1
Cr 23.0 25.1 14.5 42.1 39.3
Sr 134 143 139 245 165
B 125 126 77.1 2 2 0 135
Ba 510 535 697 4.01 763
Pb 5994 6263 5563 36215 22785
Si 9.60 0 . 0 0 0 2 . 2 0 2.80 28.4
V 54.1 59.5 40.3 92.2 8 6 . 0
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Table B-2. Concentrations of total metal and major cations for soil profile 98-2

Samples 98-2-0-5 98-2-5-10 98-2-10-15 98-2-15-20

Cations mg kg' mg kg' mg kg' mg kg'
Ca 11075 10445 5174 3791
Mg 6403 9613 5509 6605
Na 4518 3249 10920 5283
K 16045 20175 26915 24355
P 2897 2208 944 1328

Al 42538 54848 54808 55888
Fe 42121 74100 25662 76269
Mn 3060 2605 554 3332
Ti 2809 2986 4627 3153
Cu 583 735 64.7 334
Zn 12866 21226 2788 11466
Ni 1 2 .2 11.7 8.83 10.4
Mo 9.64 2.52 0.758 0 . 0 0 0

Cd 106 81.4 36.9 70.2
Cr 26.5 42.1 31.8 24.5
Sr 125 184 155 129
B 91.1 247 85.1 242

Ba 418 2 1 1 765 938
Pb 7833 49315 404 12915
Si 0 . 0 0 0 2 1 0 98.4 161
V 55.5 98.6 62.1 107
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Table B-3. Concentrations of total metal and major cations for soil profile 98-3

Samples 98-3-0-5 98-3-5-10 98-3-10-15 98-3-15-20 98-3-20-25 98-3-25-30

Cations mg kg"1 mg kg ' 1 mg kg ' 1 mg kg ' 1 mg kg ' 1 mg kg'
Ca 10735 8654 6212 5794 2877 3908
Mg 6543 7905 7842 8002 6217 5792
Na 5723 5412 3224 3004 3706 7499
K 17915 20045 21225 23165 21975 22745
P 1543 1366 1963 1414 1163 1035

Al 46238 45838 52408 49528 50858 51908
Fe 62378 61849 86857 82598 117493 50803
Mn 3994 3375 4054 2951 8741 3114
Ti 2849 2919 4255 3001 3243 3475
Cu 535 435 1132 608 2 1 2 105
Zn 20866 18016 24516 17936 14116 6632
Ni 1 0 .8 8.03 12.7 1 0 .8 1 0 .8 1 1 .2

Mo 13.7 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0.634
Cd 1 2 0 97.7 103 8 8 . 6 145 106
Cr 24.9 25.1 45.3 36.8 35.9 29.2
Sr 159 183 272 170 115 157
B 146 171 185 304 325 150

Ba 95.2 215 41.1 374 626 1154
Pb 10895 18635 34545 27555 14435 2173
Si 0 . 0 0 0 56.0 186 283 51.3 107
V 64.0 73.2 99.3 113 126 72.6
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Table B-4. Concentrations of total metal and major cations for soil profile 99-1

Samples 99-1-0-7 99-1-0-7 99-1-7-12 99-1-12-21 99-1-12-21 99-1-21-4

Cations mg kg ' 1

(Duplicate) 
mg kg ' 1 mg kg ' 1 mg kg ' 1

(Duplicate) 
mg kg ' 1 mg kg ' 1

Ca 4411 4289 2284 2860 2891 3804
Mg 4817 4820 4051 6835 7511 5439
Na 4629 5795 4422 4084 5005 6656
K 18705 22905 19825 22145 24425 21945
P 904 1 0 1 2 861 1551 1586 1113

Al 43928 41748 38848 55968 61628 42478
Fe 59117 62727 54999 69098 71580 307033
Mn 3683 3857 1410 6936 7021 1 0 1 2

Ti 2797 2828 2997 3433 3686 3604
Cu 599 667 335 576 607 89.5
Zn 7533 7979 1818 4476 4436 2966
Ni 7.81 9.06 5.87 13.5 13.6 1 2 .6

Mo 10.3 1 2 .2 3.70 5.25 7.72 0.259
Cd 40.7 45.2 1 1 .0 26.6 26.3 42.4
Cr 19.7 2 1 . 2 22.9 40.1 39.5 31.4
Sr 1 2 0 1 2 2 1 0 2 130 141 118
B 139 148 1 2 0 207 167 164

Ba 127 171 694 775 847 726
Pb 4299 4560 3228 12515 12935 519
Si 3.30 41.8 0 . 0 0 0 117 67.6 289
V 55.6 59.7 58.1 104 106 65.9
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Table B-5. Concentrations of total metal and major cations for soil profile 99-2

Samples 99-2-0-7 99-2-7-11 99-2-11-15

Cations mg kg ' 1 mg kg ' 1 mg kg'
Ca 5763 3853 3019
Mg 7496 5964 4285
Na 3686 3951 7844
K 22185 19425 26365
P 1490 1 0 2 1 700

Al 60848 47088 43388
Fe 66922 61133 29904
Mn 4213 5087 2383
Ti 3162 2829 2808
Cu 777 274 1 1 0

Zn 11396 7397 3214
Ni 14.4 11.7 7.69
Mo 16.1 2.75 1.40
Cd 57.7 46.8 30.0
Cr 35.3 27.2 12.5
Sr 136 139 188
B 153 137 6 6 . 8

Ba 332 763 1068
Pb 8915 9127 1114
Si 0 . 0 0 0 0 . 0 0 0 8 . 0 0

V 83.5 79.5 48.8
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Figure B -l:  Location 98-1 Soil Texture Profile
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F igure B-5: L ocation  98-3  S o il T extu re  Profile
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APPENDIX C

Sample 99-1-0-7 Zinc Master Table

and

Metal Partitioning Summary Tables 

for

Samples 99-1-0-7, 99-1-7-12, 

98-3-5-10, and 98-3-20-25 

Using 2003-2004 

Selective Extraction Data
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Table C-l. Sample 99-1-0-7 zinc master table

99-1-0-7 Zinc

to
u>
CO

Kaolinite Kaolinite Kaolinite Kaolinite
Input Output Output Output

Total Zinc (all species) in Solution Total Exchangeable Total Sorbed
Total Zinc [Input Zn - Total Exchangeable 

and Sorbed Zn]
Zinc (K)* Zinc (K)*

(mg/1) (mg/1) (mg/kg) (mg/kg)
1,000 980 15.1 4.08
500 485 11.5 2.45
100 95.4 3.80 0.573
50 47.5 2.06 0.293
10 9.47 0.442 0.060
5 4.73 0.223 0.030

1.63” 0.077 0.010
1 0.946 0.045 0.006

0.5 0.473 0.022 0.003
0.1 0.095 0.004 0.001

0.05 0.047 0.002 0.000
0.01 0.009 0.000 0.000

1 Weighting Factor Applied 
** Experimental Data 

Predicted Exchangeable 
Predicted Sorbed 

Predicted Complexed

0.077
0.010

Illite I Hite
Input Output

Total Zinc (all Species) in Solution 
Total Zinc [Input Zn - Total Exchangeable Zn]

(mg/1) (mg/1)
1,000 772
500 341
100 57.2
50 27.6
10 5.33
5 2.65

1.63”
1 0.529

0.5 0.265
0.1 0.053

0.05 0.026
0.01 0.005
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Table C -l. Sample 99-1-0-7 zinc master table (cont.)

Illite Montmorillonite Montmorillonite Montmorillonite Montmorillonite FeOOH
Output Input Output Output Output Input

Total Zinc (all species) in Solution
X2-Zn (I)* Total Zinc [Input Zn - Total Exchangeable X2-Zn (M)* SO-Zn+ (M)* Total Zinc

and Sorbed Zn]
(mg/kg) (mg/1) (mg/1) (mg/kg) (mg/kg) (mg/1)

1615 1,000 499 579 117 1,000
1125 500 197 354 67.0 500
303 100 29.2 84.7 13.7 100
159 50 13.9 43.4 6.79 50
33.0 10 2.66 8.86 1.35
16.6 1.63” 5.42 0.825 10
10.2 5 1.33 4.44 0.670 5
3.33 1 0.264 0.890 0.134 1
1.67 0.5 0.132 0.445 0.067 0.5

0.334 0.1 0.026 0.089 0.013 0.1
0.167 0.05 0.013 0.045 0.007 0.05
0.033 0.01 0.003 0.009 0.001 0.01

10.2 5.42
0.825
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Table C-l. Sample 99-1-0-7 zinc master table (cont.)

FeOOH FeOOH FeOOH
Output Output Output

Total Zinc (all species) in Solution
[Input Zn - Total Sorbed Zn] S(st)0-Zn+ (Fe)* S(wk)0-Zn+ (Fe)*

(mg/1) (mg/kg) (mg/kg)
529 177 512
220 174 235
12.1 115 13.8
3.55 63.6 4.23

1.63" 32.0 1.96
0.490 13.3 0.614
0.246 6.65 0.296
0.045 1.34 0.058
0.024 0.667 0.029
0.005 0.134 0.006
0.002 0.067 0.003
0.000 0.013 0.001

32.0 1.96

SOM SOM SOM
Input Output Output

Total Zinc (all species) in Solution Total Exchangeable Zinc (D) 
Total Zinc [Input Zn - Total Exchangeable (Solid HA and FAj(SOM)* 

and Complexed Zn]
(mg/1 (mg/1) (mg/kg)
1000 120 0.449
500 10.3 4.04

1.63" 2.25
100 0.056 1.93
50 0.014 0.985
10 0.001 0.160
5 0.001 0.074
1 0.000 0.014

0.5 0.000 0.007
0.1 0.000 0.001

0.05 0.000 0.001
0.01 0.000 0.000

2.25
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Table C-l. Sample 99-1-0-7 zinc master table (cont.)

SOM SOM
Output Output

Total Complexed Zinc Total Exchangeable Zinc

toOJOn

(Solid HA and FA)(SOM)* (Dissolved FA)(SOM)

(mg/kg) (mg/kg)
1007 33.3
559 15.1
183 3.49
115 1.40
57.5 0.590
11.6 0.104
5.78 0.051
1.16 0.010

0.579 0.005
0.116 0.001
0.058 0.000
0.012 0.000

*

3.49

183

Total 
Soluble 

Zinc 
(mg/kg) [mg/1]

"Predicted"
Total

Exchangeable
Zinc

(mg/kg)

"Predicted" 
Total Sorbed 

and Complexed 
Zinc 

(mg/kg)

"21.4"
"34.8"
"183"

Experimental Data 
0.01M Ca(N03)2 Extractable (65.2)[1.63]
0.03M La(N03)3 Extractable 26.4 [91.6-65.2]
0.05M Pb(N03)2 Extractable 204 [296-91.6]
HN03-HC104-HF Extractable

"Predicted"
Total
Zinc

(mg/kg)

"239"

7,760



Summary Table Definitions

TX [kaolinite] - total exchangeable metals 

TS [kaolinite] -  total sorbed metals 

X2 [illite, montmorillonite] -  total exchangeable metals 

SO [montmorillonite] -  total sorbed metals

st [FeOOH] -  total sorbed metals associated with strong affinity sites 

wk [FeOOH] -  total sorbed metals associated with weak affinity sites 

(D) [SOM] -  total exchangeable metals associated with diffuse layer 

TC(S) [SOM] -  total complexed metals associated with solid HA and FA 

TC(D) [SOM] -  total exchangeable metals associated with dissolved HA and FA

237
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Table C-2. Modeling output for sample 99-1-0-7 [non-competitive modeling approach]

9 9 - 1 - 0 - 7
P r e d i c t e d  W e i g h t i n g  i A d j u s t e d  P r e d i c t e d  : M e t a l  T o t a l  E x c h a n g e a b l e

V a lu e F a c t o r V  a lue [ T X , X 2 , ( D ) , T C ( D ) J

(m g  k g 1) (m g  k g 1) ( m g  k g  1)
K a o l in i t e C a d m i u m 4 . 7 1

T X - C d 0 . 2 4 0 0 . 0 3 1 6 6 3 0 8 1  I 0 . 0 0 8 : C o p p e r 1 . 6 5

T S - C d 0 . 0 2 2 0 . 0 3 1 6 6 3 0 8 1  i 0 . 0 0 1 L e a d 2 . 4 2

T X - C u 0 . 0 4 1 0 . 0 3 1 6 6 3 0 8 1 0 . 0 0 1 Z i n c 2 1 . 4

T S - C u 0 . 0 2 2 0 . 0 3 1 6 6 3 0 8 1  i 0 . 0 0 1

T X - P b 0 . 0 4 1 0 . 0 3 1  6 6 3 0 8 1  : 0 . 0 0 1 T o t a l  S o r b e d
T S - P b 0 . 0 4 7 0 . 0 3  1 6 6 3 0 8 1  j 0 . 0 0 1 I T S , S O ,  s t ,w k ]

T X - Z n 2 . 4 3 0 . 0 3 1 6 6 3 0 8 1  ! 0 . 0 7 7 (m g  k g 1)

T S - Z n 0 . 3 2 6 0 . 0 3 1 6 6 3 0 8 1  ; 0 . 0 1 0 I C a d m i u m 0 . 9 9 2

i C o p p e r 8 . 4 0

I l l i t e 1 L e a d 1 4 9

X 2 - C d 2 . 7 2 0 . 2 3 5 9 2 4 8  18 0 . 6 4 2 Z i n c 3 4 . 8

X 2 - C u 0 . 2 9 2 0 . 2 3 5 9 2 4 8 1 8 0 . 0 6 9

X 2 - P b 0 . 2 9 0 0 . 2 3 5 9 2 4 8 1 8 0 . 0 6 8 I ' o t a l  C o m p l e x e d

X 2 - Z n 4 3 . 3 0 . 2 3 5 9 2 4 8 1 8 ...............1 0 , 2 ................... [ T C ( S ) 1

(mg k g 1)
n t m o r i l l o n i t c [ C a d m i u m ! 1 1 8

X 2 - C d 9 . 6 5 0 . 0 4 6 3 6 6 7 2 7 0 . 4 4 7 i C o p p e r 7 3 . 2

S O - C d + 0 . 3 1 4 0 . 0 4 6 3 6 6 7 2 7  ; 0 . 0 1 5 i L e a d 1 6 6

X 2 - C u 0 . 8 0 6 0 . 0 4 6 3 6 6 7 2 7  j 0 . 0 3 7 i Z i n c 1 8 3

S O - C u + 1 . 7 6 0 . 0 4 6 3 6 6 7 2 7 0 . 0 8 2

X 2 - P b 0 . 7 5 0 0 . 0 4 6 3 6 6 7 2 7  i 0 . 0 3 5

S O - P b + 0 . 8 0 2 0 . 0 4 6 3 6 6 7 2 7  : 0 . 0 3 7

X 2 - Z n 1 1 7 0 . 0 4 6 3 6 6 7 2 7  [ 5 . 4 2

S 0 - Z n + 1 7 . 8 0 . 0 4 6 3 6 6 7 2 7 0 . 8 2 5

1 e O  O H

s t - C d  1 9 , 7  ; 0 . 0 4 8 6 8 1 6 2  0 , 9 5 9

w k - C d  0 , 3 4 8  I 0 . 0 4 8 6 8 1 6 2 .........................0 0 I 7

s t - C u  1 4 0  | 0 , 0 4 8 6 8 1 6 2  ; 6 . 8 2

w k - C u  3 0 . 8  ! 0 . 0 4 8 6 8 1 6 2  1 . 5 0

’ s t - P b  3 0 4 0  i 0 . 0 4  8 6 8 1 6 2  j 1 4 8

.....w  k - f  b ' [ ' 2 7 A  \ 0 . 0 4 8  6 8 1 6 2 .[  '................. 1.3 3.,

s t - Z n  6 5 7  1 0 . 0 4 8 6 8 1 6 2  | 3 2 , 0

w k - Z n  f  4 0 . 3  j 0 . 0 4 8 6 8 1 6 2  j 1 . 9 6

S O M
 ( ' d i m  I Z X 1  6 6 . 3  I 0 . 0 3 4 2 0 1 0 2 6  2 . 2 7

T C ( S ) C d  3 4 4 1  | 0 . 0 3 4 2 0 1 0 2 6 j  1 1 8
T C ( I ) ) C d  3 9 . 1  0 . 0 3  1 2 0 1 0 2 6  j  1 , 3  4

C u ( D )  J 2 , 7 0  [ 0 . 0 3 4 2 0 1 0 2 6  j  0 . 0 9 2

" T  C ( S ) C u  [ 2 1 3 9  [ 0 . 0  3 4 2 0 1 0 2 6 !  7 3 , 2
T C ( D ) C u  4 2 , 3  0 . 0 3 4 2 0  1 0 2 6  1 , 45

P b ( P )  6 , 7 4  I 0 , 0 3 4 2 0 1 0 2 6  ! 0 . 2 3 1

T C [ S ) P b  4 8 4 1 [ 0 , 0 3 4 2 0 1 0 2 6  I 1 6 6

T C ( D ) P b  6 0 , 8  i 0 . 0 3 4 2 0 1 0 2 6  j 2 , 0 8

Z n ( D )  6 5 . 8  j  0 . 0 3 4 2 0 1 0 2 6  ! 2 . 2 5

T C ( S ) Z n  5 3 4 7  [ 0 . 0 3 4 2 0 1 0 2 6  I 1 8 3

T O .  1) iZ.n 1 0 2  [ 0 , 0 3 4 2 0 1 0 2 6  ! 3 , 4 9
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Table C-3. Modeling output for sample 99-1-0-7 [competitive modeling approach]

9 9 - 1 - 0 - 7  C C P Z

P r e d i c t e d  W e i g h t i n g  i A d j u s t e d  P r e d i c t e d  i M e t a l  ; T o t a l  E x c h a n g e a b l e
V a l u e F a c t o r V  a lue [ T X , X 2  , ( D ) , T C  ( D ) ]

( m g  k g ' 1) ( m g  k g  ' ) ( m g  k g  ' )
K a o l i n i t e C a d m i u m 3 . 1 2

T X - C d 0 . 2 2 8 0 . 0 3 1 6 6 3 0 8 1  : 0 . 0 0 7 C o p p e r 2 . 1 2
T S - C d 0 . 0 1 9 0 . 0 3 1 6 6 3 0 8 1 0 . 0 0 1 L e a d 1 . 0 4
T X - C u 0 . 0 1 8 0 . 0 3 1 6 6 3 0 8 1 0 . 0 0 1 Z i n c 1 9 . 3
T S - C u 0 . 0 1 9 0 . 0 3 1 6 6 3 0 8 1 0 . 0 0 1
T X - P b 0 . 0 3 5 0 . 0 3 1 6 6 3 0 8 1  . 0 . 0 0 1 T  o t a l S o r b e d
T S - P b 0 . 0 4 3 0 . 0 3  1 6 6 3 0 8 1  : 0 . 0 0 1 [ T S , S O  ,s t ,w  k ]

T X - Z n 2 . 8 5 0 . 0 3 1 6 6 3 0 8 1 0 . 0 9 0 ............. ( m g  k g ' 1) .............
T S - Z n 0 . 0 9 8 0 . 0 3 1 6 6 3  0 8 1 0 . 0 0 3 C a d m i u m 0 . 9 7 7

C o p p e r 1 6 . 2
I l l i t e L e a d 1 0 7

! X 2 - C d 2 . 7 2 0 . 2 3 5 9 2 4 8 1 8  ! 0 . 6 4 2 Z i n c 2 1 . 7
X 2 - C u 0 . 2 9 2 0 . 2 3 5 9 2 4 8 1 8 0 . 0 6 9

[ X 2 - P b 0 , 2 9 0 0 . 2 3 5 9 2 4 8 1 8  ! 0 , 0 6 8 T o t a l  C o m p l e x e d
X 2 - Z n 4 2 , 5 0 , 2 3  5 9 2 4 8  1 8 j 1 0 . 0 ............... | I C ( S ) | ..............

: M  o n t m o r i l l o n i t c C a d m i u m  :
( m g  k g  )

5 7 . 8
X 2 - 0  d 9 . 6 5 0 . 0 4 6 3 6 6 7 2 7 0 . 4 4 7 C o p p e r 7 6 . 4

S O  - C  d + 0 . 3  14 0 . 0 4 6 3 6 6 7 2 7 0 . 0 1 5 L e a d 6 3 . 9
X 2 - C u 0 . 8 0 7 0 . 0 4 6 3 6 6 7 2 7 0 . 0 3 7 Z i n c 1 1 7

S O - C u - 1 . 7 7 0 . 0 4 6 3 6 6 7 2 7  j 0 . 0 8 2

X 2 - P b 0 . 7 5 0 0 . 0 4 6 3 6 6 7 2 7  i 0 . 0 3 5
S O - P b  + 0 . 8 0 2 0 . 0 4 6 3 6 6 7 2 7 0 . 0 3 7

X 2 - Z n 1 1 6 0 . 0 4 6 3 6 6 7 2 7  1 5 . 3 8

S O - Z n + 1 7 . 2 0 . 0 4 6 3 6 6 7 2 7  1 0 . 7 9 8

F e O O H
s t - C d 1 9 . 4 0 . 0 4 8 6 8 1 6 2 0 . 9 4 4

w  k - C  d 0 . 3 4 7 0 . 0 4 8 6 8 1 6 2  , 0 . 0 1  7

s t - C u 2 5 3 0 . 0 4 8 6 8 1 6 2  : 1 2 . 3

w  k - C  u 7 8 . 0 0 . 0 4 8 6 8 1 6 2 3 . 8 0

s t - P b 2 1 5 4 0 . 0 4 8 6 8 1 6 2 1 0 5

w  k - P b 3 6 . 9 0 . 0 4 8 6 8 1 6 2 1 . 8 0

s t - Z n 3 9 0 0 . 0 4 8 6 8 1 6 2  i 1 9 . 0

w  k - Z n 3 9 . 5 0 . 0  1 8 6 8  1 6 2  | 1 , 9 2

 S O M  .......................... ................................... .................................

C d ( D ) ; 3 7 . 9  0 . 0 3 4 2 0 1 0 2 6  1 . 3 0

T C ( S ) C d  [ 1 6 8 9  0 . 0 3 4 2 0  1 0 2 6  3 7 . 8

T C ( D ) C d  2 1 . 0  1 0 . 0 3 4 2 0 1 0 2 6  | 0 . 7 1 8

C u ( D )  1 1 . 7 2  i 0 . 0 3 4 2 0 1 0 2 6  0 . 0 3 9

T C ( S ) C u I  2 2  3 3 0 . 0 3 4 2 0 1 0 2 6  ! 7 6 . 4
T C ( D ) C u  J 5 7 . 1  ■ 0 . 0 3 4 2 0 1 0 2 6  ; 1 . 9 5

P b ( D )  2 . 7 2  0 . 0 3 4 2 0 1 0 2 6  0 . 0 9 3

T C ( S ) P b  1 8 6 7  j 0 , 0 3 4 2 0 1 0 2 6  : 6 3 . 9

T C ( D ) P b  2 4 , 5  0 . 0 3 4  2 0 1  0 2 6  j 0 . 8 3 8

Z n ( D )  4 8 . 2  ! 0 . 0 3 4 2 0  1 0 2 6  1 .6 5

T C ( S ) Z n  ; 3 4 2 9  I 0 . 0 3 4 2 0 1  0 2 6  , 1 1 7

T C  ( I ) ) Z n  6 3 , 7  j 0 , 0 3  4 2 0  1 0 2 6  | 2 . 1  8
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Table C-4. Modeling output for sample 99-1-7-12 [non-competitive modeling approach]

9 9 - 1 - 7 - 1 2

P  r e  d i e  t c  d W  c i g l i t i n g A d j u s t e d  P r e d i c t e d M e t a l T o t a l  E x c h a n g e a b l e

V a l u e F a c t o r V a l u e | T X , X 2 , ( D ) , T C ( D ) ]

(m§ Hs ') <m8 k g ') ( m g  k g  ' )

K a o l i n i t e

T X - C d 0 . 0 8 5 0 . 0 1 4 9 3 4 2 6 3 0 . 0 0 1 C  a d m i u m 0 . 5 6 3

T S - C d 0 . 0 0 0 0 . 0 1 4 9 3 4 2 6 3 0 . 0 0 0 C o p p e r 0 . 9 7 6

T X - C u 0 , 1 3  2 0 . 0  1 4 9 3 4 2 6 3 0 , 0 0 2 L e a d .....  2 . 32  .....

T S - C u 0 . 0 0 1 0 . 0 1 4 9 3 4 2 6 3 0 . 0 0 0 Z i n c 1 1 . 0

T X - P b 0 . 4 4 6 0 . 0 1 4 9 3 4 2 6 3 0 . 0 0 7

T S - P b 0 . 0 0 4. . . . 0 . 0 1 4 9 3 4 2 6 3 0 , 0 0 0 T o t a l  S o r b e d

T X - Z n 0 . 0 1 4 9 3 4 2 6 3 r i z i M i 8 [ T S , S O  , s t , w  k |

T S - Z n 0 . 0 0 6 0 . 0 1 4 9 3 4 2 6 3 0 , 0 0 0 ( m g  k g ' 1)

C  a d m i u m 0 , 0 0 1

I l l i t e C o p p e r 0 . 2 2 2

X 2 - C d 0 . 9 5 5 0 . 1 9 0 1 9 7 9 7 7 0 , 1 8 2 L e a d 2 6 . 6

X 2 - C  u 0 . 9 5  5 0 . 1 9 0 1 9 7 9 7 7 I .  0 , 1 8  2 . Z i n c 0 . 0 8 1

X 2 - P b ......3 . 1 8 0 1 9 0 1 9 7 9 7 7 ............. 0 . 6 0 5 .....................

X  2 - Z n 2 1 . 4 0 . 1 9 0 1 9 7 9 7 7 4 . 0 7 T o t a l  C o m p l e x e d  

f T C t S ^ l

o n t m o  r i l i o  n i t e

.............................. 1. _  X.  / I .............................

( m g  k g 1)

X 2 - C d 3 . 4 1 0 . 0 9 6 7 5 0 9 6 4 0 . 3 3 0 C a d m i u m 2 . 0 6

S O -  C d +  0 . 0 0 1  0 . 0 9 6 7 5 0 9 6 4 :  0 . 0 0 0  C o p p e r  ! 2 1 . 0

X 2 - C  u 2 5 8 0 . 0 9 6 7 5 0 9 0 4  0 . 2 5 0  L e a d  4 8 , 1

S O - C u i  j  0 , 0 5 7  0 . 0  9 6 7  5 0 9 6 4  0 , 0 0 6  Z i n c  4 6 , 5

 X 2 -1’ b .............   1 8 . 2 8  J 0 , 0 9 6 7  5 0 9  6 4  j  0 , 8  0 1  I

S O - P b +  ! 0 . 0 9 0  0 . 0 9 6 7 5 0 9 6 4  0 . 0 0 9

X 2 - Z n  ' ' I I ' [ ' . ' . J  8 . 1  ... 0 . 0 9 6 7 5 0 9 6 4  j..................  5 . 6 2 ....................   ; ....................................

S O - 7 . i l -  I 0 , 0 8 9  I 0 . 0 9 6  7 5  0 9 6 4  j 0 . 0 0 9

F e O O H
s t - C c l  0 , 0 2 4  I 0 , 0 4 3 9 5  0 7 5 9  j 0 , 0 0 1

w k - C d  0 , 0 0 0  j 0 , 0 4 3 9 5 0 7 5 9 ;  0 . 0 0 0

 s t - C u . 4 . 0 7  0 . 0 4 3 9 5 0 7 5 9  j  0 , 1 7 9

w k - C u    ) 0 . 8 3 8  ! 0 . 0 4 3  9 5 0 7 5  9 j .............0 , 0 3 7

s t - P b  j 6 0 4  I 0 , 0 4 3 9 5 0 7 5 9  2 6 , 5

w k - P b  ! 1.1 9 0 . 0 4 3 9 5 0 7 5  9 j..................... ( 1 . 0 5 2

T i i z i r : : : ;  i 1 33 \ ° ,° 4 3 . 9 5 0 7 5 9  0 , 0 6 9

w k - Z n  ; 0 . 0 6 5  ; 0 , 0 4  3 9 5  0 7 5  9 0 . 0 0 3

SO M .................  ................................................
C d ( D )  0 . 5  0 5 0 0 3 0 4 9 5 9 1 5  M i l

T C ( S ) C d  ; 6 7 . 4  0 . 0 3  0 4 9 5 9  15 ’ 2 . 0 6

T C ( P ) C d  j 1 , 1 6  | 0 , 0 3 0 4 9 5 9 1 5  j  0 , 0 3 5

C u ( D )  1 0 , 4 5  8 0 . 0 3 0 4 9 5 9 1 5  0 . 0 1 4

T C ( S ) C u  j 6 8 9  0 . 0 3 0 4 9 5 9 1 5  2 1 . 0
T C ( D ) C u  j 1 7 . 3  ( 0 , 0 3 0 4 9 5 9  1 5 ] 0 . 5 2 8

P b ( D ) ! 1 , 2 1  1 0 , 0 3  0 4 9 5 9 1  5 .j ...................... 0 . 0 3 7

T C l S l P b  | 1 5 7 8  1 0 . 0 3 0 4 9 5 9  1 5  j..................... 4 8 , 1

T  C  ( D ) P  b  2 8 . 7  0 . 0 3 0 4 9 5 9 1 5  0 . 8 7 5

 7 . ill D 1 ” ( 1 3 , 0  I 0 . 0 3 0  4 9 5 9 1 5  j  0 , 3 9 6

T C ( S ) Z n  ! 1 ' 1 5 2 5  ! 0 . 0 3 0 4 9 5 9 1 5  j..................... 4 6 , 5

T  C  ( D ) Z n  [ 2 9 , 6  0 . 0 3 0 4 9 5 9  15 0 . 9 0 3
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Table C-5. Modeling output for sample 99-1-7-12 [competitive modeling approach]

9 9 - 1 - 7 - 1 2  C C P Z
P r e d i c t e d W  e i g h t i n g A d j  u s t e  d  P  r e  d i c t c  d M e t a l T o t a l  E x c h a n g e a b l e

V a l u e F a c t o r V a l u e | T X , X 2 , ( D ) , T C ( D ) J

( m g  k g ' 1) ( m g  k g  ' ) ( m g  k g  ' )

Ki t  o U n i t e

T X - C d 0 . 0 8 1 0 . 0 1 4 9 3 4 2 6 3 0 . 0 0 1  C a d m i u m .............. 0 , 5  5 7 .....................

T S - C d 0 . 0 0 0 0 . 0 1 4 9 3 4 2 6 3 0 . 0 0 0  ; C o p p e r 0 . 8 7 6

T X - C u 0 . 0 5  9 0 , 0 1 4 9 3  4 2 6 3 0 , 0 0 1  L e a d 1 . 8 7

T S - C u 0 . 0 0 0 0 . 0 1 4 9 3 4 2 6 3 0 . 0 0 0  Z i n c 1 0 . 4

T X - P b 0 . 3 8  7 0 . 0 1 4 9 3 4 2 6 3 0 . 0 0 6

T S - P b : 0 . 0 0 4 0 . 0 1 4 9 3 4 2 6 3 0 , 0 0 0 T o t a l  S o r b e d

T X - Z n 1 . 4 2 0 , 0 1 4 9 3  4 2 6 3 ....  0 . 0 2 1 | T S , S O  , s t , w k ]

T S - Z n 0 . 0 0 0 0 . 0 1 4 9 3 4 2 6  3 .................... 0 . 0 0 0 ...................................... ( m g  k g  ' )

C a d m i u m 0 . 0 0 1

I l l i t e C o p p e r 0 , 2 2 2

.............. X  2 - C  d................ 0 , 9 5  5 0 . 1 9 0 1 9 7 9 7 7 0 . 1 8 2  L e a d ....................... 1 9 , 0 .......................

X  2 - C  u r  o '9 5 5  ' 0 , 1 9 0 1 9 7 9 7 7 0 . 1 8 2  Z i n c 0 . 0 8  0

: : . : " x 2 - P b : : : L 3 , 1 6 0 . 1 9 0 1 9  7 9 7 7 0 , 6 0 1 ...................  ......................

X 2 - Z n 2 1 , 2 ........ 0 , 1 9 0 1 9 7 9 7 7 ...................... 4 . 0 3 ................................................... T o t a l  C o m p i e x e d

| T  C  ( S )  J

M  o n t m o r i l l o n i t e ( m g  k g  ' )

.............. X 2 - C d ............. 3 . 4 1 ........ 0 . 0 9 6 7  5 0 9 6 4 0 . 3 3 0  C a d m i u m 1 , 7  1

S ( )  - ( tl • 0 . 0 0 1 0 . 0 9 6 7 5 0 9 6 4 0 . 0 0 0  ! C o p p e r 1 5 . 6

X 2 - C u 2 . 6 0 0 . 0 9 6 7 5 0 9 6 4 0 . 2 5 2  L e a d 2 2 , 6

S O - C u + 0 . 0  5 8 0 . 0 9 6 7 5 0 9 6 4 0 . 0 0 6  Z i n c 2 5 , 7

X 2 - P b 8 . 2  8 0 . 0 9 6 7 5 0 9 6 4 0 . 8 0 1

S ( ) - P b  • 0 . 0 9 0 0 . 0 9 6 7 5 0 9 6 4 0 , 0 0  9

X 2 - Z n .......5 7 . 3 0 , 0 9 6 7 5  0 9 6 4 5 . 5 4

S 0  - Z n + 0 . 0 8 9 0 . 0 9 6 7 5 0 9 6 4 0 . 0 0 9

F e O O H

s t - C d 0 , 0 2 3 0 . 0 4 3  9 5  0 7 5  9 .....................0 , 0 0 1 ...................... ............................

w k - C d 0 . 0 0 0 0 . 0 4 3 9 5 0 7 5 9 0 ,000  j
s t - C u ........ 4 , 0 7 ......... 0 . 0 4 3 9 5 0 7 5 9 .....................0 , 1 7 9 ..................................................

w k - C u 1...... 0 . 8 3 8 0 . 0 4 3  9 5  0 7 5  9 ZZIZZZi Z I l ZZZZEZZZZZZZ '
s t - P b 4 2 9 0 . 0 4 3 9 5  0 7 5 9 1 8 . 9

w  k - P b 1 , 0 0 0 . 0 4 3 9 5 0 7 5 9 0 . 0 4  4

s t - Z n [ Z I m Z 0 . 0 4  3 9 5 0 7 5  9 .....................0 . 0 6  8......................

w  k - Z n 0 , 0 6  5 0 . 0 4 3 9 5 0 7 5 9 0 . 0 0 3 ..................................................

S O M

C d ( p ) 0 . 4 9 4 0 . 0 3  0 4 9 5  9 1 5 0 . 0 1 5

T  C ( S ) C d 5 6 . 0 0 . 0 3 0 4 9 5 9 1 5 1 . 7 1

T C ( D ) C d 0 . 9 4 1 0 . 0 3  0 4 9 5  9 1 5 0 . 0 2 9

C u ( D ) 0 . 3 4 5 0 . 0 3 0 4 9 5 9 1 5 0 . 0 1 1

T C ( S ) C u 5 11......... 0 . 0 3 0 4 9 5 9 1 5 .......................1 5 , 6 ...................... ...........................

T C ( D ) C u 11 . 1 0 . 0 3 0 4 9 5 9 1  5 0 . 4 3 0

P b (  I) ) | 0 , 8 4 0 0 . 0 3 0 4 9 5 9 1 5 . .................... 0 , 0 2 6 ...................... ....................

T C ( S ) P b I 7 4 0 0 . 0 3 0 4 9 5 9 1 5 ...................... 2 2 , 6 ....................... .............................

T C ( D ) P b 1 4 . 1 0 . 0 3 0 4 9 5 9 1 5 .....................0 . 4 . 3 0 ..................................................

Z . n ( D ) 1 0 . 1 0 . 0 3 0 4 9 5 9  15 0 . 3  0 8

T  C ( S ) Z n 8 4 4 0 , 0 3  0 4 9 5  9 1 5 ............2 5 , 7 ....................

T C  ( D  ) Z n 1 7 . 0 ......... 0 . 0 3 0 4 9 5 9 1 5 0 . 5 1 8

241

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table C-6. Modeling output for sample 98-3-5-10 [non-competitive modeling approach]

98-3-5-10
: P r e d i c t e d W e i g h t i n g A d j u s t e d  P r e d i c t e d M e t a l T o t a l  e x c h a n g e a b l e

V a l u e F a c t o r V a lu e | T X , X 2 , ( D ) , T C ( D ) |

(mg kg ') (m g  k g ' 1) ( m g  k g  ')
K a o l in i t e 1 C a d m i u m 3 5 . 0

T X - C d 0 . 8 8 3 : 0 . 0 3 9 0 3 5 8 5 6 0 . 0 3 4  1 C o p p e r 6 . 3 0

T S - C d 0 . 5 0 6 i 0 . 0 3 9 0 3 5 8 5 6 0 . 0 2 0 L e a d 4 1 . 8

T X - C u 0 . 0 8 9 i 0 . 0 3 9 0 3 5 8 5 6 0 . 0 0 3 Z i n c 7 4 . 2

T S - C u 1 0 . 3 0 1 0 . 0 3 9 0 3 5 8 5 6 0 . 0 1 2

T X - P b 1 . 1 8 0 . 0 3 9 0 3 5 8 5 6 0 . 0 4 6 T o t a l  S o r b e d

TS-Pb 8 . 8 6 0 . 0 3 9 0 3 5 8 5 6 ;................... 0 . 3 4 6 | T S , S O , s t , w k |

T X - Z n 6 . 0 6 0 . 0 3 9 0 3 5 8 5 6 0 . 2 3 7 ( m g  k g  ■)
T S - Z n 3 . 2 8 0 . 0 3 9 0 3 5 8 5 6 0 . 1 2 8 C a d m i u m 3 4 . 1

C o p p e r 1 3 . 2
I l l i t e L e a d 1 , 0 5 2

X 2 - C d 9 . 9 6 0 . 2 5 0 3 5 3 9 0 9 2 . 4 9 Z i n c 1 9 5
X 2 - C u 0 . 6 4 1 0 . 2 5 0 3 5 3 9 0 9 0 . 1 6 0

X 2 - P b 8 . 3 7 0 . 2 5 0 3 5 3 9 0 9 2 . 1 0 T o t a l  C o m p l e x e d
X 2 - Z n 1 0 7 0 . 2 5 0 3 5 3 9 0 9 2 6 . 8 .........[ T C ( S ) I ................

(m g  k g ' 1)
M  o n t m o r i l lo n i t e C a d m i u m 7 3 3

X 2 - C d 3 5 . 3 i 0 . 0 4 2 3 1 6 2 7 3  ' 1 . 4 9 C o p p e r  ^ 2 9 3

S O - C d - 5 . 5 5 1 0 . 0 4 2 3 1 6 2 7 3  ! 0 . 2 3 5 L e a d 2 , 3 5 5

X 2 - C u 1 . 1 8 1 0 . 0 4 2 3 1 6 2 7 3  : 0 . 0 5 0 i Z i n c 1 , 0 6 7

S O - C u + 1 2 . 4 i 0 . 0 4 2 3  1 6 2 7 3  ! 0 . 5 2 5

X 2 - P b 2 2 . 1 l 0 . 0 4 2 3  1 6 2 7 3  ; 0 . 9 3 5

S O - P b + 1 13 0 . 0 4 2 3 1 6 2 7 3  j 4 . 7 8

X 2 - Z n 2 8 3 0 . 0 4 2 3 1 6 2 7 3 1 2 . 0

S O - Z n - 1 9 9 0 . 0 4 2 3 1 0 2 7 5 8 . 4 2

F e O O H

s t - C d 6 6 8 ! 0 . 0 4 9 4 2 2 0 4 3 3 . 0

w k - C d 1 6 , 8 : 0 . 0 4 9 4 2 2 0 4  : 0 . 8 3 0

s t - C u 2 0 2 : 0 . 0 4 9 4 2 2 0 4 9 . 9 8

w k - C u 5 3 . 4
. Q 04942204

2 , 6 4

s t - P b 1 1 5 8 7 0 . 0 4 9 4 2 2 0 4 5 7 3

w k - P b 9 5 8 2 I 0 , 0 4 9 4 2 2 0 4 4 7 4

s t - Z n 2 6 3 0 0 , 0 4 9 4 2 2 0 4 , ..............1 3 0 ....

w k - Z . n 1 1 5 1 i 0 . 0 4 9 4 2 2 0 4 ; 5 6 , 9

S O M

........ 2 9 8 ........ 0 . 0 6 9  1 4 3 0 7 4 2 0 , 6

Z Z l C ( S ) C d ’"... j.....1 0 6 0 3

T C ( D ) C d ..J...... . ..150 . . 0 . 0 6 9 1 4 3 0 7 4 1 0 , 4

..............C u ( D ) ............. 1 j .3 0 . 0 6 9 1 4 3 0 7 4 1 . 0 6

T C ( S ) C u .......4 2 4 4 ! 0 . 0 6 9 1 4 3 0 7 4  ] 2 9 3

T C ( D ) C u 7 2 . 7 0 . 0 6 9 1 4 3 0 7 4 ] 5 , 0 3

P b ( 1) l j . .  5 5 . 9 ...... 0 . 0 6 9 1 4 3 0 7 4 ............ 3 . 8 7 ...

T C [ S ) P b j 3 4 0 5 6 1 0 . 0 6 9 1 4 3 0 7 4  j 2 3 5 5

I ' C l D l P b 5 0 3 j 0 , 0 6 9 1 4 3 0 7 4  : 3 4 , 8

Z n ( D ) 1 3 3 j 0 . 0 6 9 1 4 3  0 7 4  : 9 . 2 0

T C ( S ) Z n : 1 5 4 3 3 0 . 0 6 9 1 4 3 0 7 4 1 0 6 7

T C ( D ) Z n .........3 7 6 1 0 . 0 6 9 1 4 3 0 7 4 2 6 . 0
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Table C-7. Modeling output for sample 98-3-5-10 [competitive modeling approach]

9 8 - 3 - 5 - 1 0  C C P Z
P r e d i c t e d W  c i g h t i n g A d j u s t e d  P r e d i c t e d  M e t a l T o t a l  E x c h a n g e a b l e

V a l u e F a c t o r V a l u e | T X , X 2 , ( I » , T C ( I > ) |

( m g . K g  ' ) ( m g  k g  ’ ) ( m g  k g 1)

K a o l i n i t e C a d i n i u i n 1 5 , 0

T X - C d 0 . 8 3 7 0 . 0 3 9 0 3 5 8 5 6 0 . 0 3 3  | C o p p e r 5 . 9 3

T S - C d 0 . 4 6 2 0 , 0 3 9 0 3 5 8 5 6 0 . 0 1 8  L e a d 7 . 2 4

T X - C u 0 . 0 4 1 0 , 0 3 9 0 3 5  8 5 6 0 , 0 0 2  ... I , . U  .. Z i n c 4 8 . 9

T S - C u .............. 0 . 2 9 0 0 . 0 3 9 0 3 5 8 5 6 ...................0 . 0 1  1.....................1.....................................

T X - P b 1 . 0 4 0 . 0 3 9 0 3 5 8 5 6 ................... 0 . 0 4 1 ............................... j.......................... T o t a l  S o r b e d

T S - P b Z I Z 0 1311... 0 . 0 3 9 0 3 5 8 5 6 11 ....." o j i l l l ..... ... ’ 1 1 1 1 ........ | T S , S O ,  s t , w k |

T X - Z n 7 , 0 7 0 . 0 3 9 0 3 5 8 5 6 .................. 0 , 2 7 6 .....................1......... .......................... ( m g  k g 1)

T S - Z n " Z i - 4 3 . . . 0 . 0 3 9 0 3 5 8 5 6 0 . 0 5 6  C a d m i u m 1 8 , 4

; C o p p e r 2 0 . 6

I l l i t e L e a d ........................1 4 9 ......................

X 2 - C d 9 , 8 7 ....... 0 . 2 5 0 3 5 3 9 0 9 2 , 4 7  Z i n c 1 Z 1 1 1 I j i l 1.11.....
X 2 - C u 0 . 6 4 1 0 . 2 5 0 3 5 3 9 0 9 0 . 1 6 0 ................... i

X 2 - P b 8 , 3 7 0 . 2 5 0 3 5 3 9 0 9 2 . 1 0  ] T o t a l  C o m p l e x e d

X 2 - Z n 1 0 4 0 . 2 5 0 3 5 3 9 0 9 Z l l l l l l . ? . 6 , o ........ 11.11... | T C ( S ) |

( m g  k g 1)

IV1 o n t m o r i l l o n i t c C a d m i u m 2 2 8

X 2 - C d 3 5 , 1 0 . 0 4 2 3  1 6 2 7 3 1 . 4 9  i C o p p e r .......................2 3 7 ......................

S O - C d  • 5 . 3 8 0 . 0 4  2 3  1 6 2 7 3 0 , 2 2 8  L e a d 2 6 1

X 2 - C u 1 . 8 0 0 . 0 4 2 3 1  6 2 7 3 0 . 0 7 6  Z i n c 2 5 9

s g - c u + ............ 1 8 . 9 0 , 0 4 2 3 1 6 2 7 3 0 . 8 0 0

X 2 - P b 2 2 , 0 0 . 0 4 2 3 1 6 2 7 3 0 . 9 3 1

S O - P b - 1 10 0 . 0 4 2 3 1 6 2  73 4 . 6 5 ................... T ...H j l l ...

X 2 - / . U .......2 7 3 0 . 0 4 2 3 1 6 2 7 3 1 1 , 6  1

S O - Z n + 1 5 9 0 . 0 4 2 3 1 6 2 7 3 6 . 7 3

F e O O I l

............ s t - C d ................ 3 5  1 0 . 0 4 9 4 2 2 0 4 1 7 . 3 ...... ...........[ ' . I ...............

w k - C d 1 6 . 6 0 . 0 4 9 4 2 2 0 4 ................... 0 , 8 2 0 ............................... I..........................

......... s t - C u ................ 2 6 4 0 . 0 4 9 4 2 2 0 4 .....................1 3 . 0 ..................... )..........|..........................

w  k - C u 1 3 7 0 , 0 4 9 4 2 2 0 4 ..1116.177..... 1  ’...... H I ] .........

s t - P b 2 7 6 9 0 0 4 9 4 2 2 0 4 ..................... 1 3 7

w k - P b 1 2 8 0 . 0 4 9 4 2 2 0 4 .................... 6 . 3  3 ......................1.....................................

s t - / . n ................ 1 3 0 2 0 . 0 4 9 4 2 2 0 4 ..............’..... 6 4 . 3 .................... )........ .........................

w  k - Z n 1 2 0 1 0 0 4 9 4 2 2 0 4 5 9 . 4 .....................

S O M

C d ( D ) 11 9 0 , 0 6 9 1 4 3 0 7 4 8 . 2 3  !

T C ( S ) C d 3 3 0 3
0 0 6 9 1 4 3  0 7 4

2 2 8  ]

T C ( D ) C d 4 0 , 1 0 , 0 6 9 1 4 3 0 7 4 2 , 7 7

C u t  I.))............... .......4 , 3  5 0 , 0 6 9  1 4 3  0 7 4 0 , 3  0 1 ................... j......................................

T C ( S ) C u 3 4 2 6 0 . 0 6 9 1 4 3  0 7 4 2 3 7

r c ( D ) C u 7 7 . 9 0 . 0 6 9 1 4 3 0 7 4 5 . 3 9

P b ( D ) 7 . 0 4 0 . 0 6 9 1  1 3 0 7 4 . 0 , 4 8 7  1 ...... .....................

T C ( S ) P b 3 7 6 9 0 , 0 6 9 1 4 3 0 7 4 ..................... 2 6 1 ....................... |......... ...........................

T C ( D ) P b ....... 5 3 . 2 ....... 0 . 0 6 9 1 4 3 0 7 4 3 . 6 8

Z n ( P ) 1 0 4
0 0 6 9 1 4 3 0 7 4 ....................7 . 1 9 ..........

T C ( S ) Z n 3 7 4 2 0 , 0 6 9 1 4 3 0 7 4 2 5 9  ...................

T C ( D ) Z n 5 4 . 7 0 . 0 6 9 1 4 3 0 7 4 .................. 3 , 7 8 ......................1....................................
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Table C-8. Modeling output for sample 98-3-20-25 [non-competitive modeling approach]

9 8 - 3 - 2 0 - 2 5
P r e d i c t e d W  e ig h t in g A d j u s t e d  P r e d ic t e d M e t a l T o t a l  E x c h a n g e a b l e

V  a lue F a c t o r V a l u e [ T X , X 2 , ( D ) , T C ( D ) |

(m g  k g  ' ) (m g  k g ' 1) (m g  k g 1)
K a o l in i t e C a d m i u m .......................2 . 3 , 0 .......................

T X - C d 0 . 9 9 4 0 . 0 3 8 6 1 0 3 7 3 0 . 0 3 8 i C o p p e r 1 . 5 5

T S - C d 0 . 5 6 9 0 , 0 3  8 6 1  0 3 7 3 0 , 0 2 2 L e a d 1 6 . 8

T X - C u 0 . 0 3 0 0 . 0 3  8 6 1 0 3  7 3 0 . 0 0 1 Z i n c 5 1 . 0

T S - C u 0 . 1 0 0 0 , 0 3  8 6 1 0 3  7 3 0 , 0 0 4

T X - P b 0 . 1 5 5 0 . 0 3 8 6 1 0 3 7 3 .................. 0 , 0 0 6 T o t a l  S o r b e d
T S - P b 1 . 1 9 0 . 0 3  8 6 1 0 3 7 3 0 . 0 4 6 | T S , S O ,  s t , w k |

T X - Z n .............. 4 . 9 5 0 . 0 3  8 6 1 0 3 7 3 ....................0 . 1 . 9 1 .................... .... (m g  kg  ' )
1 S - / . H 2 . 6 8 0 . 0 3 8 6 1 0 3 7 3 0 . 1 0 3  j I C a d m i u m 7 1 . 6

C o p p e r .......................1 4 , 7 .......................

I l l i t e L e a d .......................7.3.9.........................

X 2 - C d ......'.'.J...l,2....... 0 . 2 9 6 7 2 2 9 0 9 3, 3 . 2  I Z i n c .....................  3 4 1

X 2 - C u 0 . 2 1 4 0 . 2 9 6 7 2 2 9 0 9 ....................0 , 0 6 3 ................

. X 2 - P b l '  1 . ....... j l i j . ... . . 0 . 2 9 6 7 2 2 9 0 9 r i ^ O - 3 2 6 '  ' T o t a l  C o m p l e x e d

X 2 - Z n 8 7 , 7 ........ 0 . 2 9 6 7 2 2 9 0 9 ....................2 6 , 0  .......... ..... [ T C ( S ) |

(m g  k g ' 1)
x i t m o r i l l o n i t e C a d m i u m ........................4 4 . 0 ........................i

X 2 - C d 3 9 , 7 0 , 0 3 3  1 1 8 2 5 5 ..................... 1,3.1....................... .... ; C o p p e r !_........................7 8 ......................... ]

S O - C d + 6 . 2 3 0 . 0 3 3 1 1 8 2 5 5 ................... 0 , 2 . 0 6 ................ L e a d [ .................. 1 , 0 5 0  .....................j

X 2 - C u 0 . 4 6 0 0 . 0 3 3 1  1 8 2 5 5 ...................0 . 0 1 5 Z i n c 50. 4

S O - C u + 4 , 8 4 0 , 0 3 3 1  1 8 2 5 5 0 . 1 6 0

X 2 - P b ' 2 , 8 6 0 , 0 3 3 1  1 8 2 5 5 . ....................0 , 0 9 . 5 .....................

S O - P b  • 1 4 , 8 0 . 0 3  3 1 1 8 2 5 5 0 . 4 9 0

X 2-Z. n 2 3 3 0 , 0 3 3 1 1 8 2 5 5 7 . 7 2

S O - Z n  • 1 6 5 0 . 0 3 3 1  1 8 2 5 5 .....................5 , 4 . 6 .......................

K c O O  11

s t - C d 7 4 1 0 . 0 9 3 8 6 6 4 1 2 6 9 , 6

w k - C d 1 8 , 9 0 , 0 9 3  8 6 6 4 1 2 ..................... 1 , 7 . 7 ...................... ....

s t - C u ......... 1 2 4 ........ 0 . 0 9 3 8 6 6 4 1 2 1 1 , 6

w k - C u ' 3 ' l l . 8 7 ' . ... 0 . 0 9 3  8 6 6 4 1 2 .....................2 , 9 8 ......................

s t - P b 6 4 6 6 0 . 0 9 3  8 6 6 4 1 2 .. 6 0 7  ...

w k - P b 1 3 9 9 0 . 0 9 3  8 6 6 4 1 2 1 3 1

s t - Z n 2 6 1 0 0 . 0 9 3  8 6 6 4 1 2 .............. '.......2 4 5  .................... ....

w k - Z n 0 . 0 9 3  8 6 6 4 1 2 .....................9 0 . 5 .......................

S O M

C d ( p ) ........ 3 1 4 ......... 0 . 0 3 8 1 9 1 1 4 6 ..................... 1 2 , 0 ...................... ....

T C ( S ) C d 1 1 5 3 0 0 , 0 3 8 1 9 1 1 4 6 4 4 0

T C ( D ) C d 1 6 6 0 , 0 3 8 1 9 1 1 4 6 6 . 3 4  j

t ' u ( O ) .............. 6 , 2 5 0 , 0 3 8 1 9 1  1 4 6 ....................0 , 2 3 9 .................... ....

T C ( S ) C u ........... 2 0 5 4 0 . 0 3 8 1 9 1 1 4 6 .....................7 . 8 , 4 ..................... [....

T C l D K / u 3 2 . 3 0 . 0 3 8 1 9 1 1 4 6 ..................... 1 . 2 3

P b ( D ) 5 5 . 8 0 , 0 3 8 1 9 1  1 4 6 2 . 1 3

T C ( S ) P b 2 7 4 9 5 0 , 0 3  8 1 9 1 1 4 6 1 0 5 0

T C ( D ) P b 3 7 1 0 . 0 3 8 1 9  1 1 4 6 1 4 . 2

Z n ( D ) 1 3 6 0 , 0 3 8 1 9 1  1 4 6 5 . 1 9

T C ( S ) Z n 13 1 9 7 0 . 0 3 8 1 9 1  1 4 6 5 0 4

T C ( D ) Z n ........ 3 1 1 .......... 0 , 0 3  8 1 9 1 1 4 6 1 1 . 9
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Table C-9. Modeling output for sample 98-3-20-25 [competitive modeling approach]

9 8 - 3 - 2 0 - 2 5
P re die to d W e i g h t i n g A d j u s t e d  P r e d i c t e d M e t a l T o t a l  E x c h a n g e a b l e

V a l u e F a c t o r V a l u e | T X , X 2 , ( D ) , T C ( D ) |

(m g  k g  ' ) (m g  k g ' 1) (m g  k g ' ' )
K a o l i n i t e i C a d m i u m 1 0 . 7

T X - C d 0 . 9 4 0 0 . 0 3 8 6 1 0 3 7 3 0 . 0 3 6 ; C o p p e r 3 . 1 8
T S - C d 0 . 5 1 8 0 . 0 3 8 6 1 0 3 7 3 0 . 0 2 0 L e a d 2 . 2 9
T X - C u 0 . 0 1 3 0 . 0 3 8 6 1 0 3 7 3 0 . 0 0 1  § Z i n c 3 9 . 2
T S - C u 0 . 0 9 7 0 . 0 3 8 6 1 0 3 7 3 0 . 0 0 4  1

T X - P b 0 . 1 3 8 0 . 0 3 8 6 1 0 3 7 3 0 . 0 0 5 T o t a l  S o r b e d
T S - P b .............. 1 . 0 8 0 . 0 3 8 6 1 0 3 7 3 0 . 0 4 2  ! [ I S , S O , s t ,vvk]

T X - Z n 5 . 7 8 0 . 0 3 8 6 1 0 3 7 3 0 . 2 2 3 ..............( ' " g  k g  ' ) .............
T S - Z n 1 . 1 8 0 . 0 3 8 6 1 0 3 7 3 0 . 0 4 6  1 C a d m i u m 3 6 . 3

C o p p e r 3 . 1 4
I l l i t e L e a d 2 5 . 7

X 2 - C d 1 1 . 1 0 . 2 9 6 7 2 2 9 0 9 3 . 2 9  I Z i n c 2 1 6
X 2 - C u 0 . 2 1 4 0 . 2 9 6 7 2 2 9 0 9 0 . 0 6 3

X 2 - P b 1 . 1 0 0 . 2 9 6 7 2 2 9 0 9 0 . 3 2 6 T o t a l  C o m p l e x e d
X 2 - Z n 8 5 . 8 0 , 2 9 6 7 2 2 9 0 9 ................. 2 5 , 5 ...................... [ T  C  ( S ) |

(m g  k g ' 1)
M  o n tm o  r i l lo n i tc C a d m i u m 1 2 6

X 2 - C d 3 9 . 5 0 . 0 3 3 1 1 8 2 5 5 1 . 31 ; C o p p e r 1 2 9
S O - C d + 6 . 0 4 0 . 0 3 3 1 1 8 2 5 5 0 . 2 0 0 L e a d 1 3 2

X 2 - C u 0 . 5 9 1 0 . 0 3 3 1 1 8 2 5 5 0 . 0 2 0 Z i n c 1 4 0

S O - C u + 6 . 2 2 0 . 0 3 3 1 1 8 2 5 5 0 . 2 0 6  !

X 2 - P b 2 . 9 1 0 . 0 3 3 1 1 8 2 5 5 0 . 0 9 6  i

S O - P b + 1 5 . 0 0 . 0 3 3 1 1 8 2 5 5 0 . 4 9 7

X 2 - Z n 2 2 6 0 . 0 3 3 1 1 8 2 5 5 7 . 4 8

S O - Z 11+ 1 3 7 0 . 0 3 3 1 1 8 2 5 5 4 . 5 4

F e O O H

s t - C d 3 6 6 0 . 0 9 3 8 6 6 4 1 2 3 4 . 4  j

w k - C d 1 8 . 7 0 . 0 9 3 8 6 6 4 1 2 1 . 7 6  i

s t - C u 2 4 . 9 0 . 0 9 3 8 6 6 4 1 2 2 . 3 4

w  k - C  u 6 . 3 3 0 . 0 9 3 8 6 6 4 1 2 0 . 5 9 4

s t - P b 2 6 7 0 . 0 9 3 8 6 6 4 1 2 2 5 . 1

w k - P b 0 . 7 1 6 0 . 0 9 3 8 6 6 4 1 2 0 . 0 6 7

s t - Z n 1 2 6 8 0 . 0 9 3 8 6 6 4 1 2 1 1 9  !

w  k - Z n 9 8 7 0 , 0 9 3  8 6 6 4 1  2 9 2 , 6

S O M

C d ( D ) 1 1 9 0 . 0 3 8 1 9 1 1 4 6 4 . 5 4

T C ( S ) C d 3 3 0 5 0 . 0 3 8 1 9 1 1 4 6 1 2 6

T C ( P ) C d 4 0 . 2 0 . 0 3 8 1 9 1 1 4 6  : 1 . 5 4

C u ( D ) 4 . 3 6 0 . 0 3 8 1 9 1 1 4 6  | 0 . 1 6 7
T C ( S ) C u 3 3 8 * 0 . 0 3 8 1 9 1 1 4 6  1 1 2 9
T C ( D ) C u 7 6 . 7 0 . 0 3 8 1 9 1 1 4 6  i 2 . 9 3

P b ( D ) 7 . 1 9 0 . 0 3 8 1 9 1 1 4 6  ! 0 . 2 7 5  j

T C ( S ) P b 3 4 4 9 0 . 0 3 8 1 9 1 1 4 6  I 1 3 2

I ' C l D l P b 4 1 . 7 0 . 0 3 8 1 9 1 1 4 6  1 1 . 5 9  !

Z n l D ) 1 0 5 0 . 0 3 8 1 9 1  1 4 6  I 4 . 0 1

T C ( S ) Z n 3 6 6 2 0 . 0 3 8 1 9 1 1 4 6  ! 1 4 0

T C ( D ) Z n 5 1.3 0 , 0 3 8 1 9 1  1 4 6  ! 1 . 9 6
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APPENDIX D

Metal Partitioning Summary Tables 

for

The Evaluation of Uncertainty in 
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Weighting Factors 

[Surrogate Soils 99-1-7-12, 98-3-5-10,98-3-20-25]
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Table D -l. Case #1 modeling output for sample 99-1-7-12 [CMA].

9 9 -1 -7 -12  P red ic ted  W e ig h t in g  A d ju s te d  P red ic ted  M e t a l  T o ta l  E xch ang eab le

Case #1 V a lu e F a c to r V a lu e [ T X , X 2 , ( D ) , T C ( D ) ]

(m g  k g 1) (m g  kg  ’ ) (m g  kg ' )

K a o l in i te
T X - C d 0 . 0 8 1 0 . 0 1 5 0 . 00 1 C a d m i u m 0 . 5 5 7

T S - C d 0 . 0 0 0 0 . 0 1 5 0 . 0 0 0 C o p p e r 0 . 8 7 6

T X - C u 0 . 0 5 9 0 . 0 1 5 0 . 0 0 1 L e a d 1 . 87

T S - C u 0 . 0 0 0 0 . 0 1 5 0 . 0 0 0 Z i n c 10 . 4

T X - P b 0 . 3 8 7 0 . 0 1 5 0 . 0 0 6

T S - P b 0 . 0 0 4 0 . 0 1 5 0 . 0 0 0 T o ta l  Sorbed
T X - Z n 1 . 42 0 . 0 1 5 0 . 0 2 1 [T S ,S O ,s t ,w k ]

T S - Z n 0 . 0 0 0 0 . 0 1 5 0 . 0 0 0 (m g  k g '1)

I l l i te C a d m i u m 0 . 0 0 1

X 2 - C d 0 . 9 5 5 0 . 1 9 0 0 . 1 8 2 C o p p e r 0 . 2 2 2

X 2 - C u 0 . 9 5 5 0 . 1 9 0 0 . 1 8 2 L e a d 19. 0

X 2 - P b 3 . 1 6 0 . 1 9 0 0 . 601 Z i n c 0 . 0 8 0

X 2 - Z n 2 1 . 2 0 . 1 9 0 4 . 03

T o ta l  C om ple xed
in tm o r i l lo n i te [T C (S ) ]

X 2 - C d 3. 41 0 . 0 9 7 0 . 3 3 0 (m g  k g '1)
S O - C d + 0 . 00 1 0 . 0 9 7 0 . 0 0 0

X 2 - C u 2 . 6 0 0 . 0 9 7 0 . 2 5 2 C a d m i u m 1.71

S O - C u + 0 . 0 5 8 0 . 0 9 7 0 . 0 0 6 C o p p e r 15. 6

X 2 - P b 8 . 28 0 . 0 9 7 0 . 8 01 L e a d 2 2 . 6

S O - P b + 0 . 0 9 0 0 . 0 9 7 0 . 0 0 9 Z i n c 2 5 . 7

X 2 - Z n 5 7 . 3 0 . 0 9 7 5 . 5 4

S O - Z n + 0 . 0 8 9 0 . 0 9 7 0 . 0 0 9 T o ta l  E xch ang eab le ,
Sorbed, and

F e O O H C om ple xed

s t - C d 0 . 0 2 3 0 . 0 4 4 0 . 0 01 (m g  k g 1)

w k - C d 0 . 0 0 0 0 . 0 4 4 0 . 0 0 0

s t - C u 4 . 0 7 0 . 0 4 4 0 . 1 7 9 C a d m i u m 2 . 2 7

w k - C u 0 . 8 3 8 0 . 0 4 4 0 . 0 3 7 C o p p e r 16. 7

s t - P b 4 2 9 0 . 0 4 4 18 . 9 L e a d 4 3 . 5

w k - P b 1 . 00 0 . 0 4 4 0 . 0 4 4 Z i n c 3 6 . 2

s t - Z n 1. 54 0 . 0 4 4 0 . 0 6 8

vvk-Zn 0 . 0 6 5 0 . 0 4 4 0 . 0 0 3 Case #1

S O M K a o l i n i t e  8 %

C d ( D ) 0 . 4 9 4 0 . 0 3 0 0 . 0 1 5 Il l i t e  6 4 %

T C ( S ) C d 5 6 . 0 0 . 0 3 0 1.71 M o n t m o r i l l o n i t e  2 8 %

T C ( D ) C d 0 . 94 1 0 . 0 3 0 0 . 0 2 9

C u ( D ) 0 . 3 4 5 0 . 0 3 0 0 . 0 1 1

T C ( S ) C u 511 0 . 0 3 0 15. 6

T C ( D ) C u 14.1 0 . 0 3 0 0 . 4 3 0
P b ( D ) 0 . 8 4 0 0 . 0 3 0 0 . 0 2 6

T C ( S ) P b 7 4 0 0 . 0 3 0 2 2 . 6

T C ( D ) P b 14.1 0 . 0 3 0 0 . 4 3 0

Z n ( D ) 10.1 0 . 0 3 0 0 . 3 0 8

T C ( S ) Z n 8 4 4 0 . 0 3 0 2 5 . 7

T C ( D ) Z n 17 . 0 0 . 0 3 0 0 . 5 1 8
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Table D-2. Case #2 modeling output for sample 99-1-7-12 [CMA].

9 9 -1 -7 -1 2  P red ic ted  W e ig h t in g  A d j
Case #2 V a lu e  F a c to r

(m g  k g '1)

K a o l in i te
T X - C d 0 . 0 8 1 0 . 0 1 5

T S - C d 0 . 0 0 0 0 . 0 1 5

T X - C u 0 . 0 5 9 0 . 0 1 5

T S - C u 0 . 0 0 0 0 . 0 1 5

T X - P b 0 . 3 8 7 0 . 0 1 5

T S - P b 0 . 0 0 4 0 . 0 1 5

T X - Z n 1 . 42 0 . 0 1 5

T S - Z n 0 . 0 0 0 0 . 0 1 5

I l l i te

X 2 - C d 0 . 9 5 5 0 . 08 1

X 2 - C u 0 . 9 5 5 0 . 08 1

X 2 - P b 3 . 1 6 0 . 08 1

X 2 - Z n 2 1 . 2 0 . 08 1

M o n tm o r i l lo n i t e

X 2 - C d 3. 41 0 . 2 2 8

S O - C d + 0 . 00 1 0 . 2 2 8

X 2 - C u 2 . 6 0 0 . 2 2 8

S O - C u + 0 . 0 5 8 0 . 2 2 8

X 2 - P b 8 . 2 8 0 . 2 2 8

S O - P b + 0 . 0 9 0 0 . 2 2 8

X 2 - Z n 57 . 3 0 . 2 2 8

S O - Z n + 0 . 0 8 9 0 . 2 2 8

F e O O H

s t - C d 0 . 0 2 3 0 . 0 4 4

w k - C d 0 . 0 0 0 0 . 0 4 4

s t - C u 4 . 0 7 0 . 0 4 4

w k - C u 0 . 8 3 8 0 . 0 4 4

s t - P b 4 2 9 0 . 0 4 4

w k - P b 1 . 00 0 . 0 4 4

s t - Z n 1 . 54 0 . 0 4 4

w k - Z n 0 . 0 6 5 0 . 0 4 4

S O M

C d ( D ) 0 . 4 9 4 0 . 0 3 0

T C ( S ) C d 5 6 . 0 0 . 0 3 0

T C ( D ) C d 0 . 9 4 1 0 . 0 3 0

C u ( D ) 0 . 3 4 5 0 . 0 3 0

T C ( S ) C u 511 0 . 0 3 0

T C ( D ) C u 14.1 0 . 0 3 0
P b ( D ) 0 . 8 4 0 0 . 0 3 0

T C ( S ) P b 7 4 0 0 . 0 3 0

T C ( D ) P b 14.1 0 . 0 3 0

Z n ( D ) 10.1 0 . 0 3 0

T C ( S ) Z n 8 4 4 0 . 0 3 0

T C ( D ) Z n 17 . 0 0 . 0 3 0

sted P red ic ted  M e t a l  T o ta l  E xch an g eab le
V a lu e  [ T X , X 2 , ( D ) ,T C ( D ) J

(m g  k g '1) (m g  k g '1)

0 . 0 0 1  C a d m i u m  0 . 9 0 0

0 . 0 0 0  C o p p e r  1.11

0 . 0 0 1  L e a d  2 . 61

0 . 0 0 0  Z i n c  15 . 7

0 . 0 0 6

0 .000  T o ta l  Sorbed
0.021 [T S ,S O ,s t ,w k ]

0 .000 (m g  k g '1)

C a d m i u m  0 . 0 0 1

0 . 0 7 7  C o p p e r  0 . 2 2 9

0 . 0 7 7  L e a d  19 . 0

0 . 2 5 5  Z i n c  0 . 0 9 1

1.71

T o ta l  C o m p le xed  

[T C (S ) ]

0 . 7 7 8  (m g  k g '1)
0.000
0 . 5 9 3  C a d m i u m  1.71

0 . 0 1 3  C o p p e r  15 . 6

1 . 89  L e a d  2 2 . 6

0 . 0 2 1  Z i n c  2 5 . 7

13.1

0 .020 T o ta l  E xch ang eab le ,
Sorbed , and  

C o m p le xed

0.001 (m g  k g '1)
0.000
0 . 1 7 9  C a d m i u m  2 . 61

0 . 0 3 7  C o p p e r  16 . 9

1 8 . 9  L e a d  4 4 . 2

0 . 0 4 4  Z i n c  4 1 . 6

0 . 0 6 8

0.003 Case #2

K a o l i n i t e  8 %  

0 . 0 1 5  I l l i t e  2 8 %

1.71 M o n t m o r i l l o n i t e  6 4 %

0 . 0 2 9

0.011
15. 6  

0 . 4 3 0  
0.026
22.6 

0 . 4 3 0  

0 . 3 0 8  

2 5 . 7  

0 . 5 1 8
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Table D-3. Case #3 modeling output for sample 99-1-7-12 [CMA].

9 9 -1 -7 -1 2  P red ic ted  W e ig h t in g  A d ju s te d  Pred icted  M e t a l  T o ta l  E xch ang eab le

Case #3 V a lu e  

(m g  kg ' )

F a c to r V a lu e  

(m g  kg ’)

[ T X , X 2 , ( D ) , T C ( D ) ]  

(m g  k g '1)

K a o l in i te
T X - C d 0 . 08 1 0 . 0 0 7 0 . 00 1 C a d m i u m 0 . 30 1

T S - C d 0.000 0 . 0 0 7 0.000 C o p p e r 0 . 6 5 8

T X - C u 0 . 0 5 9 0 . 0 0 7 0.000 L e a d 1 . 16

T S - C u 0.000 0 . 0 0 7 0.000 Z i n c 5 . 63

T X - P b 0 . 3 8 7 0 . 0 0 7 0 . 0 0 3

T S - P b 0 . 0 0 4 0 . 0 0 7 0.000 T o ta l  S orbed
T X - Z n 1 . 42 0 . 0 0 7 0 . 01 1 [T S ,S O ,s t ,w k ]

T S - Z n 0.000 0 . 0 0 7 0.000 (m g  k g '1)

I l l i t e C a d m i u m 0 . 0 0 1

X 2 - C d 0 . 9 5 5 0 . 0 9 5 0 . 0 9 1 C o p p e r 0 . 2 1 9

X 2 - C u 0 . 9 5 5 0 . 0 9 5 0 . 0 9 1 L e a d 18. 9

X 2 - P b 3 . 1 6 0 . 0 9 5 0 . 3 01 Z i n c 0 . 0 7 5

X 2 - Z n 2 1 . 2 0 . 0 9 5 2 . 0 2

T o ta l  C o m p le xed
in tm o r i l lo n ite [TC (S)J

X 2 - C d 3 . 41 0 . 0 4 8 0 . 1 6 5 (m g  k g '1)

S O - C d + 0 . 0 0 1 0 . 0 4 8 0.000
X 2 - C u 2 . 6 0 0 . 0 4 8 0 . 1 2 6 C a d m i u m 1.71

S O - C u + 0 . 0 5 8 0 . 0 4 8 0 . 0 0 3 C o p p e r 15. 6

X 2 - P b 8 . 2 8 0 . 0 4 8 0 . 4 0 1 L e a d 2 2 . 6

S O - P b + 0 . 0 9 0 0 . 0 4 8 0 . 0 0 4 Z i n c 2 5 . 7

X 2 - Z n 57 . 3 0 . 0 4 8 2 . 77

S O - Z n + 0 . 0 8 9 0 . 0 4 8 0 . 0 0 4 T o ta l  Exchangeable .  
Sorbed, and

F e O O H C om plexed

s t - C d 0 . 0 2 3 0 . 0 4 4 0 . 00 1 (m g  k g '1)
w k - C d 0.000 0 . 0 4 4 0.000
s t - C u 4 . 0 7 0 . 0 4 4 0 . 1 7 9 C a d m i u m 2. 01

w k - C u 0 . 8 3 8 0 . 0 4 4 0 . 0 3 7 C o p p e r 16. 5

s t - P b 4 2 9 0 . 0 4 4 18. 9 L e a d 4 2 . 7

w k - P b 1 . 00 0 . 0 4 4 0 . 0 4 4 Z i n c 3 1 . 4

s t - Z n 1 . 54 0 . 0 4 4 0 . 0 6 8

w k - Z n 0 . 0 6 5 0 . 0 4 4 0 . 0 0 3 Case #3

S O M 0. 5  x  [ A l 3+]

C d ( D ) 0 . 4 9 4 0 . 0 3 0 0 . 0 1 5

T C ( S ) C d 5 6 . 0 0 . 0 3 0 1.71

T C ( D ) C d 0 . 9 4 1 0 . 0 3 0 0 . 0 2 9

C u ( D ) 0 . 3 4 5 0 . 0 3 0 0 . 0 1 1

T C ( S ) C u 511 0 . 0 3 0 15. 6

T C ( D ) C u 14.1 0 . 0 3 0 0 . 4 3 0
P b ( D ) 0 . 8 4 0 0 . 0 3 0 0 . 0 2 6

T C ( S ) P b 7 4 0 0 . 0 3 0 2 2 . 6

T C ( D ) P b 14.1 0 . 0 3 0 0 . 4 3 0

Z n ( D ) 10.1 0 . 0 3 0 0 . 3 0 8

T C ( S ) Z n 8 4 4 0 . 0 3 0 2 5 . 7

T C ( D ) Z n 17. 0 0 . 0 3 0 0 . 5 1 8
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Table D-4. Case #4 modeling output for sample 99-1-7-12 [CMA].

9 9 -1 -7 -12  P red icted  W e ig h t in g  A d ju s te d  P red icted  M e ta l  T o ta l  E xch an g eab le
Case #4 V a lu e F a c to r V a lu e [ T X , X 2 , ( D ) , T C ( D ) J

(m g  kg ') (m g  k g 1) (m g k g '1)
K a o l in i te

T X - C d 0 . 081 0 . 0 1 5 0 . 00 1 C a d m i u m 0 . 5 5 7
T S - C d 0 . 0 0 0 0 . 0 1 5 0 . 0 0 0 C o p p e r 0 . 8 7 6

T X - C u 0 . 0 5 9 0 . 0 1 5 0 . 0 0 1 L e a d 1 . 87

T S - C u 0 . 0 0 0 0 . 0 1 5 0 . 0 0 0 Z i n c 10 . 4

T X - P b 0 . 3 8 7 0 . 0 1 5 0 . 0 0 6

T S - P b 0 . 0 0 4 0 . 0 1 5 0 . 0 0 0 T o ta l  Sorbed
T X - Z n 1 . 42 0 . 0 1 5 0 . 0 2 1 [T S ,S O ,s t ,w k ]

T S - Z n 0 . 0 0 0 0 . 0 1 5 0 . 0 0 0 (m g  k g '1)

I l l i te C a d m i u m 0 . 0 0 2

X 2 - C d 0 . 9 5 5 0 . 1 9 0 0 . 1 8 2 C o p p e r 0 . 4 3 5
X 2 - C u 0 . 9 5 5 0 . 1 9 0 0 . 1 8 2 L e a d 3 7 . 6
X 2 - P b 3 . 1 6 0 . 1 9 0 0 . 60 1 Z i n c 0 . 1 5 0

X 2 - Z n 2 1 . 2 0 . 1 9 0 4 . 03

T o ta l  C o m p le xed
in tm o r i l lo n ite [ T C ( S ) 1

X 2 - C d 3 . 41 0 , 0 9 7 0 . 3 3 0 (m g  k g '1)

S O - C d + 0 . 00 1 0 . 0 9 7 0 . 0 0 0

X 2 - C u 2 . 6 0 0 . 0 9 7 0 . 2 5 2 C a d m i u m 1.71

S O - C u + 0 . 0 5 8 0 . 0 9 7 0 . 0 0 6 C o p p e r 15. 6

X 2 - P b 8 . 28 0 . 0 9 7 0 . 8 01 L e a d 2 2 . 6

S O - P b + 0 . 0 9 0 0 . 0 9 7 0 . 0 0 9 Z i n c 2 5 . 7

X 2 - Z n 57 . 3 0 . 0 9 7 5 . 5 4

S O - Z n + 0 . 0 8 9 0 . 0 9 7 0 . 0 0 9 T o ta l  Exchangeab le ,
Sorbed , and

F e O O H C om ple xed

s t - C d 0 . 0 2 3 0 . 0 8 7 0 . 0 0 2 (m g  k g '1)

w k - C d 0 . 0 0 0 0 . 0 8 7 0 . 0 0 0

s t - C u 4 . 0 7 0 . 0 8 7 0 . 3 5 6 C a d m i u m 2 . 2 7

w k - C u 0 . 8 3 8 0 . 0 8 7 0 . 0 7 3 C o p p e r 16 . 9

s t - P b 4 2 9 0 . 0 8 7 3 7 . 5 L e a d 62. 1

w k - P b 1 . 00 0 . 0 8 7 0 . 0 8 7 Z i n c 3 6 . 4

s t - Z n 1 . 54 0 . 0 8 7 0 . 1 3 5

w k - Z n 0 . 0 6 5 0 . 0 8 7 0 . 0 0 6 Case #4

S O M 2 . 0  x  [ F e O O H ]

C d ( D ) 0 . 4 9 4 0 . 0 3 0 0 . 0 1 5

T C ( S ) C d 5 6 . 0 0 . 0 3 0 1.71

T C ( D ) C d 0 . 9 4 1 0 . 0 3 0 0 . 0 2 9

C u ( D ) 0 . 3 4 5 0 . 0 3 0 0 . 01 1

T C ( S ) C u 511 0 . 0 3 0 15. 6

T C ( D ) C u 14.1 0 . 0 3 0 0 . 4 3 0
P b ( D ) 0 . 8 4 0 0 . 0 3 0 0 . 0 2 6

T C ( S ) P b 7 4 0 0 . 0 3 0 2 2 . 6

T C ( D ) P b 14.1 0 . 0 3 0 0 . 4 3 0

Z n ( D ) 10.1 0 . 0 3 0 0 . 3 0 8

T C ( S ) Z n 8 4 4 0 . 0 3 0 2 5 . 7

T C ( D ) Z n 17. 0 0 . 0 3 0 0 . 5 1 8
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Table D-5. Case #5 modeling output for sample 99-1-7-12 [CMA],

9 9 -1 -7 -12  P re d ic ted  W e ig h t in g  A d ju s te d  P re d ic ted  M e t a l

C a d m i u m

C o p p e r

L e a d

Z i n c

Case #5 V a lu e F a c to r V a lu e

(m g  k g '1) (m g  kg'
K a o l in i te

T X - C d 0 . 08 1 0 . 0 1 5 0 . 00 1

T S - C d 0 . 0 0 0 0 . 0 1 5 0 . 0 0 0

T X - C u 0 . 0 5 9 0 . 0 1 5 0 . 00 1

T S - C u 0 . 0 0 0 0 . 0 1 5 0 . 0 0 0

T X - P b 0 . 3 8 7 0 . 0 1 5 0 . 0 0 6

T S - P b 0 . 0 0 4 0 . 0 1 5 0 . 0 0 0

T X - Z n 1 . 42 0 . 0 1 5 0 . 0 2 1

T S - Z n 0 . 0 0 0 0 . 0 1 5 0 . 0 0 0

I l l i te

X 2 - C d 0 . 9 5 5 0 . 1 9 0 0 . 1 8 2

X 2 - C u 0 . 9 5 5 0 . 1 9 0 0 . 1 8 2

X 2 - P b 3 . 1 6 0 . 1 9 0 0 . 60 1

X 2 - Z n 2 1 . 2 0 . 1 9 0 4 . 03

M o n tm o r i l lo n i t e

X 2 - C d 3 . 41 0 . 0 9 7 0 . 3 3 0

S O - C d + 0 . 0 0 1 0 . 0 9 7 0 . 0 0 0

X 2 - C u 2 . 6 0 0 . 0 9 7 0 . 2 5 2

S O - C u + 0 . 0 5 8 0 . 0 9 7 0 . 0 0 6

X 2 - P b 8 . 2 8 0 . 0 9 7 0 . 80 1

S O - P b + 0 . 0 9 0 0 . 0 9 7 0 . 0 0 9

X 2 - Z n 57 . 3 0 . 0 9 7 5 . 54

S O - Z n + 0 . 0 8 9 0 . 0 9 7 0 . 0 0 9

F e O O H

s t - C d 0 . 0 2 3 0 . 0 4 4 0 . 001

w k - C d 0 . 0 0 0 0 . 0 4 4 0 . 0 0 0

s t - C u 4 . 0 7 0 . 0 4 4 0 . 1 7 9

w k - C u 0 . 8 3 8 0 . 0 4 4 0 . 0 3 7

s t - P b 4 2 9 0 . 0 4 4 18. 9

w k - P b 1 . 00 0 . 0 4 4 0 . 0 4 4

s t - Z n 1 . 54 0 . 0 4 4 0 . 0 6 8

w k - Z n 0 . 0 6 5 0 . 0 4 4 0 . 0 0 3
V

S O M
C d ( D ) 0 . 4 9 4 0 . 0 1 5 0 . 0 0 8

T C ( S ) C d 5 6 . 0 0 . 0 1 5 0 . 8 5 4

T C ( D ) C d 0 . 94 1 0 . 0 1 5 0 . 0 1 4

C u ( D ) 0 . 3 4 5 0 . 0 1 5 0 . 0 0 5

T C ( S ) C u 511 0 . 0 1 5 7 . 8 0

T C ( D ) C u 14.1 0 . 0 1 5 0 . 2 1 5
P b ( D ) 0 . 8 4 0 0 . 0 1 5 0 . 0 1 3

T C ( S ) P b 7 4 0 0 . 0 1 5 11. 3

T C ( D ) P b 14.1 0 . 0 1 5 0 . 2 1 5

Z n ( D ) 10.1 0 . 0 1 5 0 . 1 5 4

T C ( S ) Z n 8 4 4 0 . 0 1 5 12 . 9

T C ( D ) Z n 17. 0 0 . 0 1 5 0 . 2 5 9

T o ta l  E xch an g eab le  

[ T X , X 2 , ( D ) ,T C ( D ) J  

(m g  k g '1)

0 . 5 3 5  

0 . 6 5 5  

1 . 64  

10.0

T o ta l  Sorbed  
[T S ,S O ,s t ,w k ]  

(m g  kg ')

C a d m i u m  0 . 001

C o p p e r  0 . 2 2 2

L e a d  19 . 0

Z i n c  0 . 0 8 0

T o ta l  C om ple xed  

[T C (S ) ]

(m g  k g '1)

C a d m i u m  0 . 8 5 4

C o p p e r  7 . 8 0

L e a d  11. 3

Z i n c  12 . 9

T o ta l  E xch ang eab le ,  
Sorbed , and  

C om ple xed  

(m g  kg ' )

C a d m i u m  1 . 39

C o p p e r  8 . 68

L e a d  3 1 . 9

Z i n c  2 3 . 0

Case #5

0. 5  x  [ S O M ]
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Table D-6. Case #l modeling output for sample 98-3-20-25 [CMA].

98 -3 -2 0 -2 5 P red ic ted  W e ig h t in g  A d ju s te d  Pred icted M e t a l T o ta l  E xch an g eab le
Case #1 V a lu e F a c to r V a lu e [ T X , X 2 , ( D ) , T C ( D ) ]

(m g  k g '1) (m g  k g '1) (m g  k g '1)
K a o l in i te

T X - C d 0 . 9 4 0 0 . 0 3 9 0 . 0 3 6 C a d m i u m 10. 7

T S - C d 0 . 5 1 8 0 . 0 3 9 0 . 0 2 0 C o p p e r 3 . 1 8

T X - C u 0 . 0 1 3 0 . 0 3 9 0 . 0 0 1 L e a d 2 . 2 9
T S - C u 0 . 0 9 7 0 . 0 3 9 0 . 0 0 4 Z i n c 3 9 . 2

T X - P b 0 . 1 3 8 0 . 0 3 9 0 . 0 0 5

T S - P b 1 . 08 0 . 0 3 9 0 . 0 4 2 T o ta l  S orbed
T X - Z n 5 . 7 8 0 . 0 3 9 0 . 2 2 3 [T S ,S O ,  s t ,wk]

T S - Z n 1 . 18 0 . 0 3 9 0 . 0 4 6 (m g  k g '1)

I l l i t e

X 2 - C d 11.1 0 . 2 9 7 3 . 2 9

X 2 - C u 0 . 2 1 4 0 . 2 9 7 0 . 0 6 3

X 2 - P b 1. 10 0 , 2 9 7 0 . 3 2 6

X 2 - Z n 8 5 . 8 0 . 2 9 7 2 5 . 5

M o n tm o r i l lo n i t e

X 2 - C d 3 9 . 5 0 . 0 3 3 1.31

S O - C d + 6 . 0 4 0 . 0 3 3 0 . 2 0 0

X 2 - C u 0 . 5 91 0 . 0 3 3 0 . 0 2 0

S O - C u + 6 . 2 2 0 . 0 3 3 0 . 2 0 6

X 2 - P b 2 . 91 0 . 0 3 3 0 . 0 9 6

S O - P b + 15 . 0 0 . 0 3 3 0 . 4 9 7

X 2 - Z n 2 2 6 0 . 0 3 3 7 . 4 8

S O - Z n + 13 7 0 . 0 3 3 4 . 5 4

F e O O H

s t - C d 3 6 6 0 . 0 9 4 3 4 . 4

w k - C d 18. 7 0 . 0 9 4 1 . 76
s t - C u 2 4 . 9 0 . 0 9 4 2 . 3 4

w k - C u 6 . 3 3 0 . 0 9 4 0 . 5 9 4

s t - P b 2 6 7 0 . 0 9 4 25. 1

w k - P b 0 . 7 1 6 0 . 0 9 4 0 . 0 6 7

s t - Z n 1 2 68 0 . 0 9 4 11 9

w k - Z n 9 8 7 0 . 0 9 4 9 2 . 6

C a d m i u m  3 6 . 3

C o p p e r  3 . 1 4

L e a d  2 5 . 7

Z i n c  2 1 6

T o ta l  C o m p le xed  

[TC (S )1  

(mg kg ')

C a d m i u m  12 6

C o p p e r  1 29

L e a d  1 32

Z i n c  1 40

T o ta l  E xch an g eab le ,  
S o r b e d ,a n d  

C o m p le x e d  

(m g  k g 1)

C a d m i u m  173

C o p p e r  135

L e a d  16 0

Z i n c  3 9 5

Case # 1

S O M
C d ( D ) 11 9 0 . 0 3 8 4 . 5 4

K a o l i n i t e  1 6 %  

I l l i t e  7 7 %
T C ( S ) C d 3 3 0 5 0 . 0 3 8 126 M o n t m o r i l l o n i t e  7 %
T C ( D ) C d 4 0 . 2 0 . 0 3 8 1 . 54

C u ( D ) 4 . 3 6 0 . 0 3 8 0 . 1 6 7

T C ( S ) C u 3 3 8 8 0 . 0 3 8 1 29

T C ( D ) C u 7 6 . 7 0 . 0 3 8 2 . 9 3
P b ( D ) 7 . 1 9 0 . 0 3 8 0 . 2 7 5

T C ( S ) P b 3 4 4 9 0 . 0 3 8 132

T C ( D ) P b 4 1 . 7 0 . 0 3 8 1 . 59

Z n ( D ) 105 0 . 0 3 8 4 . 01

T C ( S ) Z n 3 6 6 2 0 . 0 3 8 14 0

T C ( D ) Z n 51 . 3 0 . 0 3 8 1 . 96
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Table D-7. Case #2 modeling output for sample 98-3-20-25 [CMA].

9 8 - 3 - 2 0 - 2 5 P redic ted  W e ig h t in g  A d ju s te d  Pred icted M e ta l T o ta l  E xch an g eab le
Case # 2 V a lu e F a c to r V a lu e [ T X , X 2 , ( D ) , T C ( D ) ]

(m g  k g '1) (m g  k g 1) (m g  k g '1)

K a o l in i te
T X - C d 0 . 9 4 0 0 . 0 3 9 0 . 0 3 6 C a d m i u m 2 0 . 5

T S - C d 0 . 5 1 8 0 . 0 3 9 0 . 0 2 0 C o p p e r 3 . 31

T X - C u 0 . 0 1 3 0 . 0 3 9 0 . 0 01 L e a d 2 . 9 4

T S - C u 0 . 0 9 7 0 . 0 3 9 0 . 0 0 4 Z i n c 89. 1

T X - P b 0 . 1 3 8 0 . 0 3 9 0 . 0 0 5

T S - P b 1 . 08 0 . 0 3 9 0 . 0 4 2 T o ta l  S orbed

T X - Z n 5 . 7 8 0 . 0 3 9 0 . 2 2 3 [T S ,S O ,  s t ,wk]

T S - Z n 1 . 18 0 . 0 3 9 0 . 0 4 6 (m g  k g '1)

I l l i t e

X 2 - C d 11.1 0 . 0 2 8 0 . 3 0 6

X 2 - C u 0 . 2 1 4 0 . 0 2 8 0 . 0 0 6

X 2 - P b 1 . 10 0 . 0 2 8 0 . 0 3 0

X 2 - Z n 8 5 . 8 0 . 0 2 8 2 . 3 7

M o n tm o r i l lo n i t e

X 2 - C d 3 9 . 5 0 . 3 5 6 14.1

S O - C d + 6 . 0 4 0 . 3 5 6 2 . 1 5

X 2 - C u 0 . 5 9 1 0 . 3 5 6 0 . 2 1 0

S O - C u + 6 . 2 2 0 . 3 5 6 2 . 21

X 2 - P b 2 . 91 0 . 3 5 6 1 . 04

S O - P b + 15 . 0 0 . 3 5 6 5 . 3 4

X 2 - Z n 2 2 6 0 . 3 5 6 80 . 5

S O - Z n + 13 7 0 . 3 5 6 4 8 . 8

F e O O H

s t - C d 3 6 6 0 . 0 9 4 3 4 . 4

w k - C d 18 . 7 0 . 0 9 4 1 . 76

s t - C u 2 4 . 9 0 . 0 9 4 2 . 3 4

w k - C u 6 . 3 3 0 . 0 9 4 0 . 5 9 4

s t - P b 2 6 7 0 . 0 9 4 25. 1

w k - P b 0 . 7 1 6 0 . 0 9 4 0 . 0 6 7

s t - Z n 1 26 8 0 . 0 9 4 119

w k - Z n 9 8 7 0 . 0 9 4 9 2 . 6

C a d m i u m  3 8 . 3

C o p p e r  5 , 15

L e a d  3 0 . 5

Z i n c  2 6 0

T o ta l  C o m p le x e d  

[ T C ( S ) J  

(m g  k g '1)

C a d m i u m  1 2 6

C o p p e r  1 29

L e a d  13 2

Z i n c  14 0

T o ta l  E xch an g eab le ,  
S orbed ,  and  

C o m p le x e d  

(m g  k g '1)

C a d m i u m  185

C o p p e r  13 7

L e a d  165

Z i n c  4 8 9

Case #2

S O M
C d ( D ) 1 19 0 . 0 3 8 4 . 5 4

T C ( S ) C d 3 3 0 5 0 . 0 3 8 12 6

T C ( D ) C d 4 0 . 2 0 . 0 3 8 1 . 54

C u ( D ) 4 . 3 6 0 . 0 3 8 0 . 1 6 7

T C ( S ) C u 3 3 8 8 0 . 0 3 8 129

T C ( D ) C u 7 6 . 7 0 . 0 3 8 2 . 9 3

P b ( D ) 7 . 1 9 0 . 0 3 8 0 . 2 7 5

T C ( S ) P b 3 4 4 9 0 . 0 3 8 13 2

T C ( D ) P b 4 1 . 7 0 . 0 3 8 1 . 59

Z n ( D ) 105 0 . 0 3 8 4 . 01

T C ( S ) Z n 3 6 6 2 0 . 0 3 8 1 4 0

T C ( D ) Z n 5 1 . 3 0 . 0 3 8 1 . 96

K a o l i n i t e  1 6 %  

I l l i t e  7 %  

M o n t m o r i l l o n i t e  7 7 %
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Table D-8. Case #3 modeling output for sample 98-3-20-25 [CMA].

9 8 - 3 - 2 0 - 2 5  P r e d i c t e d  W e i g h t i n g  A d j u s t e d  P r e d i c t e d  M e t a l  T o t a l  E x c h a n g e a b l e

C a s e  #3 V a l u e F a c t o r V a l u e ( T X , X 2 , ( D ) , T C ( D ) ]

( m g  k g  ‘) ( m g  k g 1) ( m g  k g 1)

K a o l i n i t e

T X - C d 0 . 9 4 0 0 . 0 1 9 0 . 0 1 8 C a d m i u m 8 . 4 0
T S - C d 0 . 5 1 8 0 . 0 1 9 0 . 0 1 0 C o p p e r 3 . 1 4
T X - C u 0 . 0 1 3 0 . 0 1 9 0 . 0 0 0 L e a d 2 . 0 8
T S - C u 0 . 0 9 7 0 . 0 1 9 0 . 0 0 2 Z i n c 2 2 . 5

T X - P b 0 . 1 3 8 0 . 0 1 9 0 . 0 0 3

T S - P b 1 . 08 0 . 0 1 9 0 . 0 21 T o t a l  S o r b e d

T X - Z n 5 . 78 0 . 0 1 9 0 . 1 1 2 [ T S , S O ,  s t , w k |

T S - Z n 1. 18 0 . 0 1 9 0 . 0 2 3 ( m g  k g 1)

I l l i t e C a d m i u m 3 6 . 3

X 2 - C d 11.1 0 . 1 4 8 1. 65 C o p p e r 3 . 0 4

X 2 - C u 0 . 2 1 4 0 . 1 4 8 0 . 0 3 2 L e a d 2 5 . 4

X 2 - P b 1 . 10 0 . 1 4 8 0 . 1 6 3 Z i n c 2 1 4

X 2 - Z n 8 5 . 8 0 . 1 4 8 12. 7

T o t a l  C o m p l e x e d

i n t m o r i l l o n i t e [ T C ( S ) 1

X 2 - C d 39 . 5 0 . 0 1 7 0 . 6 5 ( m g  k g 1)

S O - C d + 6 . 0 4 0 . 0 1 7 0 . 1 0 0

X 2 - C u 0 . 59 1 0 . 0 1 7 0 . 0 1 0 C a d m i u m 126

S O - C u + 6 . 2 2 0 . 0 1 7 0 . 1 0 3 C o p p e r 129

X 2 - P b 2. 91 0 . 0 1 7 0 . 0 4 8 L e a d 132

S O - P b + 15. 0 0 . 0 1 7 0 . 2 4 8 Z i n c 140

X 2 - Z n 2 2 6 0 . 0 1 7 3 . 7 4

S O - Z n + 137 0 . 0 1 7 2 . 2 7 T o t a l  E x c h a n g e a b l e ,

S o r b e d ,  a n d

F e O O H C o m p l e x e d

s t - C d 3 6 6 0 . 0 9 4 3 4 . 4 ( m g  k g 1)

w k - C d 18. 7 0 . 0 9 4 1. 76

s t - C u 2 4 . 9 0 . 0 9 4 2 . 3 4 C a d m i u m 171

w k - C u 6 . 3 3 0 . 0 9 4 0 . 5 9 4 C o p p e r 135

s t - P b 2 6 7 0 . 0 9 4 25 . 1 L e a d 160

w k - P b 0 . 7 1 6 0 . 0 9 4 0 . 0 6 7 Z i n c 3 7 7

s t - Z n 1 2 6 8 0 . 0 9 4 119

w k - Z n 9 8 7 0 . 0 9 4 9 2 . 6 C a s e  #3

S O M 0. 5 X  [ A l 3 ]

C d ( D ) 119 0 , 0 3 8 4 . 5 4

T C ( S ) C d 3 3 0 5 0 . 0 3 8 126

T C ( D ) C d 4 0 . 2 0 . 0 3 8 1 . 54

C u ( D ) 4 . 3 6 0 . 0 3 8 0 . 1 6 7

T C ( S ) C u 3 3 8 8 0 . 0 3 8 129

T C ( D ) C u 7 6 . 7 0 . 0 3 8 2 . 93
P b ( D ) 7 . 1 9 0 . 0 3 8 0 . 2 7 5

T C ( S ) P b 3 4 4 9 0 . 0 3 8 13 2

T C ( D ) P b 4 1 . 7 0 . 0 3 8 1 . 59

Z n ( D ) 105 0 . 0 3 8 4 . 01

T C ( S ) Z n 3 6 6 2 0 . 0 3 8 140

T C ( D ) Z n 51 . 3 0 . 0 3 8 1 . 96
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Table D-9. Case #4 modeling output for sample 98-3-20-25 [CMA],

9 8 - 3 - 2 0 - 2 5 P redicted  W e ig h t in g  A d ju s te d  Predicted M e ta l T o ta l  E x ch an g eab le
Case #4 V a lu e F acto r V a lu e | T X , X 2 , ( D ) , T C ( D ) ]

(m g  kg ') (m g  kg ') (m g  kg ')
K a o l in i te

T X - C d 0 . 9 4 0 0 . 0 3 9 0 . 0 3 6 C a d m i u m 10 . 7

T S - C d 0 . 5 1 8 0 . 0 3 9 0 . 0 2 0 C o p p e r 3 . 1 8
T X - C u 0 . 0 1 3 0 . 0 3 9 0 . 0 01 L e a d 2 . 2 9
T S - C u 0 . 0 9 7 0 . 0 3 9 0 . 0 0 4 Z i n c 3 9 . 2
T X - P b 0 . 1 3 8 0 . 0 3 9 0 . 0 0 5

T S - P b 1 . 08 0 . 0 3 9 0 . 0 4 2 T o t a l  S orbed
T X - Z n 5 . 7 8 0 . 0 3 9 0 . 2 2 3 [T S ,S O ,  s t ,w k]

T S - Z n 1 . 18 0 . 0 3 9 0 . 0 4 6 (m g  k g '1)

I l l i t e C a d m i u m 72. 1
X 2 - C d 11.1 0 . 2 9 7 3 . 2 9 C o p p e r 6 . 0 4

X 2 - C u 0 . 2 1 4 0 . 2 9 7 0 . 0 6 3 L e a d 5 0 . 6
X 2 - P b 1 . 10 0 . 2 9 7 0 . 3 2 6 Z i n c 4 2 6
X 2 - Z n 8 5 . 8 0 . 2 9 7 2 5 . 5

T o ta l  C o m p le xed
M o n tm o r i l lo n i t e [T C ( S ) j

X 2 - C d 3 9 . 5 0 . 0 3 3 1.31 (m g  k g '1)

S O - C d + 6 . 0 4 0 . 0 3 3 0 . 2 0 0

X 2 - C u 0 . 59 1 0 . 0 3 3 0 . 0 2 0 C a d m i u m 12 6

S O - C u + 6 . 2 2 0 . 0 3 3 0 . 2 0 6 C o p p e r 129

X 2 - P b 2. 91 0 . 0 3 3 0 . 0 9 6 L e a d 13 2

S O - P b + 15. 0 0 . 0 3 3 0 . 4 9 7 Z i n c 14 0

X 2 - Z n 2 2 6 0 . 0 3 3 7 . 4 8

S O - Z n + 13 7 0 . 0 3 3 4 . 5 4 T o ta l  E xch an g eab le ,
S orbed ,  and

F e O O H C o m p le x e d

s t - C d 3 6 6 0 . 1 8 7 6 8 . 4 (m g  k g '1)

w k - C d 18. 7 0 . 1 8 7 3 . 4 9

s t - C u 2 4 . 9 0 . 1 8 7 4 . 6 5 C a d m i u m 2 0 9

w k - C u 6 . 3 3 0 . 1 8 7 1. 18 C o p p e r 13 8

s t - P b 2 6 7 0 . 1 8 7 4 9 . 9 L e a d 185
w k - P b 0 . 7 1 6 0 . 1 8 7 0 . 1 3 4 Z i n c 6 0 5
s t - Z n 1 2 6 8 0 . 1 8 7 2 3 7

w k - Z n 9 8 7 0 . 1 8 7 184 C ase #4

S O M 2 . 0  x [ F e O O H ]

C d ( D ) 119 0 . 0 3 8 4 . 5 4

T C ( S ) C d 3 3 0 5 0 . 0 3 8 12 6

T C ( D ) C d 4 0 . 2 0 . 0 3 8 1 . 54

C u ( D ) 4 . 3 6 0 . 0 3 8 0 . 1 6 7

T C ( S ) C u 3 3 8 8 0 . 0 3 8 12 9

T C ( D ) C u 7 6 . 7 0 . 0 3 8 2 . 93
P b ( D ) 7 . 1 9 0 . 0 3 8 0 . 2 7 5

T C ( S ) P b 3 4 4 9 0 . 0 3 8 13 2

T C ( D ) P b 4 1 . 7 0 . 0 3 8 1 . 59

Z n ( D ) 105 0 . 0 3 8 4 . 01

T C ( S ) Z n 3 6 6 2 0 . 0 3 8 14 0

T C ( D ) Z n 5 1 . 3 0 . 0 3 8 1 . 96
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Table D-10. Case #1 modeling output for sample 98-3-5-10 [CMA].

9 8 -3 -5 -1 0  P red ic ted  W e ig h t in g  A d ju s te d  P red ic ted  M e ta l  T o ta l  E xch an g eab le

Case #1 V a lu e F acto r V a lu e | T X , X 2 , ( D ) , T C ( D ) |

(m g  kg ') (m g  kg ') (m g  kg ' )

K a o l in i te
T X - C d 0 . 8 3 7 0 . 0 3 9 0 . 0 3 3 C a d m i u m 15. 0

T S - C d 0 . 4 6 2 0 . 0 3 9 0 . 0 1 8 C o p p e r 5 . 93

T X - C u 0 . 0 4 1 0 . 0 3 9 0 . 0 0 2 L e a d 7 . 2 4

T S - C u 0 . 2 9 0 0 . 0 3 9 0 . 0 11 Z i n c 4 8 . 9

T X - P b 1 . 04 0 . 0 3 9 0 . 0 4 1

T S - P b 8 . 0 3 0 . 0 3 9 0 . 3 1 3 T o ta l  Sorbed
T X - Z n 7 . 0 7 0 . 0 3 9 0 . 2 7 6 [T S ,S O ,  s t ,w k]

T S - Z n 1. 43 0 . 0 3 9 0 . 0 5 6 (m g  k g '1)

I l l i te C a d m i u m 18 . 4

X 2 - C d 9 . 8 7 0 . 2 5 0 2 . 4 7 C o p p e r 2 0 . 6

X 2 - C u 0 . 6 4 1 0 . 2 5 0 0 . 1 6 0 L e a d 14 9

X 2 - P b 8 . 3 7 0 . 2 5 0 2 . 1 0 Z i n c 13 0

X 2 - Z n 104 0 . 2 5 0 2 6 . 0

T o ta l  C o m p le x e d
in tm o r i l lo n ite |T C (S )J

X 2 - C d 35. 1 0 . 0 4 2 1 . 49 (m g  k g '1)

S O - C d + 5 . 3 8 0 . 0 4 2 0 . 2 2 8

X 2 - C u 1 . 80 0 . 0 4 2 0 . 0 7 6 C a d m i u m 2 2 8

S O - C u + 18 . 9 0 . 0 4 2 0 . 8 0 0 C o p p e r 2 3 7

X 2 - P b 2 2 . 0 0 . 0 4 2 0 . 9 3 1 L e a d 26 1

S O - P b + 11 0 0 . 0 4 2 4 . 6 5 Z i n c 2 5 9

X 2 - Z n 2 7 3 0 . 0 4 2 11. 6

S O - Z n + 15 9 0 . 0 4 2 6 . 7 3 T o ta l  E xch ang eab le ,
S orbed ,  and

F e O O H C o m p le x e d

s t - C d 351 0 . 0 4 9 17.3 (m g  k g '1)

w k - C d 16. 6 0 . 0 4 9 0 . 8 2 0

s t - C u 2 6 4 0 . 0 4 9 1 3 . 0 C a d m i u m 26 1

w k - C u 13 7 0 . 0 4 9 6 . 7 7 C o p p e r 2 6 4

s t - P b 2 7 6 9 0 . 0 4 9 137 L e a d 4 1 7

w k - P b 12 8 0 . 0 4 9 6 . 3 3 Z i n c 4 2 8

s t - Z n 1 3 0 2 0 . 0 4 9 6 4 . 3

w k - Z n 1201 0 . 0 4 9 5 9 . 4 Case #1

S O M K a o l i n i t e  2 0 %

C d ( D ) 11 9 0 . 0 6 9 8 . 23 Il l i t e  7 0 %

T C ( S ) C d 3 3 0 3 0 . 0 6 9 2 2 8 M o n t m o r i l l o n i t e  1 0 %

T C ( D ) C d 40 . 1 0 . 0 6 9 2 . 7 7

C u ( D ) 4 . 35 0 . 0 6 9 0 . 30 1

T C ( S ) C u 3 4 2 6 0 . 0 6 9 2 3 7

T C ( D ) C u 7 7 . 9 0 . 0 6 9 5 . 3 9
P b ( D ) 7 . 0 4 0 . 0 6 9 0 . 4 8 7

T C ( S ) P b 3 7 6 9 0 . 0 6 9 2 6 1

T C ( D ) P b 5 3 . 2 0 . 0 6 9 3 . 6 8

Z n ( D ) 1 0 4 0 . 0 6 9 7 . 1 9

T C ( S ) Z n 3 7 4 2 0 . 0 6 9 2 5 9

T C ( D ) Z n 5 4 . 7 0 . 0 6 9 3 . 7 8
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Table D -l 1. Case #5 modeling output for sample 98-3-5-10 [CMA].

9 8 -3 -5 -1 0  P re d ic ted  W e ig h t in g  A d ju s te d  P red ic ted  M e t a l  T o ta l  E xch an g eab le

Case #5 V a lu e F a c to r V a lu e [ T X , X 2 , ( D ) , T C ( D ) ]

(m g  k g '1) (m g  k g '1) (m g  k g '1)

K a o l in i t e
T X - C d 0 . 8 3 7 0 . 0 3 9 0 . 0 3 3 C a d m i u m 9 . 5 0

T S - C d 0 . 4 6 2 0 . 0 3 9 0 . 0 1 8 C o p p e r 3 . 0 8

T X - C u 0 . 04 1 0 . 0 3 9 0 . 0 0 2 L e a d 5 . 1 6

T S - C u 0 . 2 9 0 0 . 0 3 9 0 . 0 1 1 Z i n c 4 3 . 4

T X - P b 1 . 04 0 . 0 3 9 0 . 04 1

T S - P b 8 . 03 0 . 0 3 9 0 . 3 1 3 T o ta l  S orbed
T X - Z n 7 . 0 7 0 . 0 3 9 0 . 2 7 6 [T S ,S O ,  s t .w k]

T S - Z n 1. 43 0 . 0 3 9 0 . 0 5 6 (m g  k g '1)

I l l i te C a d m i u m 18. 4

X 2 - C d 9 . 8 7 0 . 2 5 0 2 . 4 7 C o p p e r 2 0 . 6

X 2 - C u 0 . 64 1 0 . 2 5 0 0 . 1 6 0 L e a d 1 49

X 2 - P b 8 . 3 7 0 . 2 5 0 2 . 1 0 Z i n c 1 30

X 2 - Z n 10 4 0 . 2 5 0 2 6 . 0

T o t a l  C o m p le x e d
in tm o r i l lo n i te [T C (S ) ]

X 2 - C d 35. 1 0 . 0 4 2 1 . 49 (m g  k g '1)

S O - C d + 5 . 38 0 . 0 4 2 0 . 2 2 8

X 2 - C u 1 . 80 0 . 0 4 2 0 . 0 7 6 C a d m i u m 1 14

S O - C u + 18 . 9 0 . 0 4 2 0 . 8 0 0 C o p p e r 1 1 9

X 2 - P b 2 2 . 0 0 . 0 4 2 0 . 9 3 1 L e a d 1 30

S O - P b + 11 0 0 . 0 4 2 4 . 6 5 Z i n c 1 29

X 2 - Z n 2 7 3 0 . 0 4 2 11. 6

S O - Z n + 15 9 0 . 0 4 2 6 . 73 T o ta l  Exch ang eab le ,
S orbed ,  and

F e O O H C o m p le xed

s t - C d 351 0 . 0 4 9 17.3 (m g  k g '1)

w k - C d 16. 6 0 . 0 4 9 0 . 8 2 0

s t - C u 2 6 4 0 . 0 4 9 13. 0 C a d m i u m 142

w k - C u 13 7 0 . 0 4 9 6 . 7 7 C o p p e r 143

s t - P b 2 7 6 9 0 . 0 4 9 137 L e a d 2 8 4

w k - P b 128 0 . 0 4 9 6 . 33 Z i n c 3 0 2

s t - Z n 1 3 0 2 0 . 0 4 9 6 4 . 3

w k - Z n 1201 0 . 0 4 9 5 9 . 4 Case #5

S O M 0 . 5  x [ S O M ]

C d ( D ) 119 0 . 0 3 5 4 . 1 2

T C ( S ) C d 3 3 0 3 0 . 0 3 5 1 1 4

T C ( D ) C d 4 0 . 1 0 . 0 3 5 1 . 39

C u ( D ) 4 . 3 5 0 . 0 3 5 0 . 1 5 0

T C ( S ) C u 3 4 2 6 0 . 0 3 5 1 1 9

T C ( D ) C u 7 7 . 9 0 . 0 3 5 2 . 6 9

P b ( D ) 7 . 0 4 0 . 0 3 5 0 . 2 4 4

T C ( S ) P b 3 7 6 9 0 . 0 3 5 13 0

T C ( D ) P b 5 3 . 2 0 . 0 3 5 1 . 84

Z n ( D ) 104 0 . 0 3 5 3 . 6 0

T C ( S ) Z n 3 7 4 2 0 . 0 3 5 12 9

T C ( D ) Z n 5 4 . 7 0 . 0 3 5 1 . 89
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Table E-l. Sample 99-1-0-7 zinc master table

99-1-0-7 Zinc
Kaolinite Kaolinite Kaolinite Kaolinite

I n p u t O u t p u t O u t p u t O u t p u t

T o t a l  Z i n c  ( a l l  s p e c i e s )  i n  S o l u t i o n T o t a l  E x c h a n g e a b l e T o t a l  S o r b e d

T o t a l  Z i n c [ I n p u t  Z n  -  T o t a l  E x c h a n g e a b l e  

a n d  S o r b e d  Z n ]

Z i n c  ( K ) * Z i n c  ( K ) *

(mg/ 1) ( mg / 1 ) ( m g / k g ) ( m g / k g )

1 , 0 0 0 9 8 0 15.1 4 . 0 8

5 0 0 4 8 5 11 . 5 2 . 4 5

1 00 9 5 . 4 3 . 8 0 0 . 5 7 3

5 0 4 7 . 5 2 . 0 6 0 . 2 9 3

16.5” 0.741 0.103
10 9 . 4 7 0 . 4 4 2 0 . 0 6 0

5 4 . 7 3 0 . 2 2 3 0 . 0 3 0

1 0 . 9 4 6 0 . 0 4 5 0 . 0 0 6

0 . 5 0 . 4 7 3 0 . 0 2 2 0 . 0 0 3

0.1 0 . 0 9 5 0 . 0 0 4 0 . 0 0 1

0 . 0 5 0 . 0 4 7 0 . 0 0 2 0 . 0 0 0

0 . 0 1 0 . 0 0 9 0 . 0 0 0 0 . 0 0 0

* W e i g h t i n g  F a c t o r  A p p l i e d

** E x p e r i m e n t a l  D a t a  

P r e d i c t e d  E x c h a n g e a b l e  0 . 7 4 1

P r e d i c t e d  S o r b e d  0 . 1 0 3

P r e d i c t e d  C o m p l e x e d

Illite Illite
I n p u t  O u t p u t

T o t a l  Z i n c  ( a l l  S p e c i e s )  i n  S o l u t i o n  

T o t a l  Z i n c  [ I n p u t  Z n  -  T o t a l  E x c h a n g e a b l e  Z n ]

( m g / 1 ) (mg/ 1)

1 , 0 0 0 7 7 2

5 0 0 341

1 0 0 5 7 . 2

5 0 2 7 . 6

16.5”
10 5 . 3 3

5 2 . 6 5

1 0 . 5 2 9

0 . 5 0 . 2 6 5

0 . 1 0 . 0 5 3

0 . 0 5 0 . 0 2 6

0 . 0 1 0 . 0 0 5
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Table E-l. Sample 99-1-0-7 zinc master table (cont.)

Illite Montmorillonite Montmorillonite Montmorillonite Montmorillonite FeOOH
O u t p u t I n p u t O u t p u t O u t p u t O u t p u t I n p u t

T o t a l  Z i n c  ( a l l  s p e c i e s )  i n  S o l u t i o n

K 2 - Z n  ( I )* T o t a l  Z i n c [ I n p u t  Z n  -  T o t a l  E x c h a n g e a b l e X 2 - Z n  ( M ) * S O - Z n +  ( M ) * T o t a l  Z i m

a n d  S o r b e d  Z n ]

( m g / k g ) (mg/ 1) ( mg / 1 ) ( m g / k g ) ( m g / k g ) (mg/ 1)

1 6 1 5 1 , 0 0 0 4 9 9 5 7 9 1 1 7 1 , 0 0 0

1 1 2 5 5 0 0 1 9 7 3 5 4 6 7 . 0 5 0 0

3 0 3 1 0 0 2 9 . 2 8 4 . 7 13 . 7

1 5 9 16.5"' 50.3 7.96 1 0 0

96.2 5 0 1 3 . 9 4 3 . 4 6 . 7 9 5 0

3 3 . 0 10 2 . 6 6 8 . 8 6 1 . 35 10

1 6 . 6 5 1 . 33 4 . 4 4 0 . 6 7 0 5

3 . 3 3 1 0 . 2 6 4 0 . 8 9 0 0 . 1 3 4 1

1 . 6 7 0 . 5 0 . 1 3 2 0 . 4 4 5 0 . 0 6 7 0 . 5

0 . 3 3 4 0. 1 0 . 0 2 6 0 . 0 8 9 0 . 0 1 3 0. 1

0 . 1 6 7 0 . 0 5 0 . 0 1 3 0 . 0 4 5 0 . 0 0 7 0 . 0 5

0 . 0 3 3 0 . 01 0 . 0 0 3 0 . 0 0 9 0 . 0 0 1 0 . 0 1

9 6 . 2 5 0 . 3

7.96
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Table E-l. Sample 99-1-0-7 zinc master table (cont.)

FeOOH FeOOH FeOOH
O u t p u t  O u t p u t  O u t p u t

T o t a l  Z i n c  ( a l l  s p e c i e s )  i n  S o l u t i o n

[ I n p u t  Z n  - T o t a l  S o r b e d  Z n ]  S ( s t ) 0 - Z n +  ( F e ) *  S ( w k ) 0 - Z n +  ( F e ) *

(mg/ 1)  ( m g / k g )  ( m g / k g )

5 2 9  1 7 7  5 1 2

2 2 0  1 7 4  2 3 5

16.5** 1 1 6  1 8 . 4

12.1 1 1 5  1 3 . 8

3 . 5 5  6 3 . 6  4 . 2 3

0 . 4 9 0  1 3 . 3  0 . 6 1 4

0 . 2 4 6  6 . 6 5  0 . 2 9 6

0 . 0 4 5  1 . 3 4  0 . 0 5 8

0 . 0 2 4  0 . 6 6 7  0 . 0 2 9

0 . 0 0 5  0 . 1 3 4  0 . 0 0 6

0 . 0 0 2  0 . 0 6 7  0 . 0 0 3

0 . 0 0 0  0 . 0 1 3  0 . 0 0 1

1 1 6  1 8 . 4

SOM SOM
I n p u t  O u t p u t

T o t a l  Z i n c  ( a l l  s p e c i e s )  i n  S o l u t i o n  

T o t a l  Z i n c  [ I n p u t  Z n  -  T o t a l  E x c h a n g e a b l e  

a n d  C o m p l e x e d  Z n ]

( mg/ 1 ( mg / 1 )

1 0 0 0 1 2 0

16.5**

5 0 0 1 3 . 7

1 0 0 1 . 6 8

5 0 0 . 8 4 8

10 0 . 1 3 7

5 0 . 0 6 3

1 0 . 0 1 2

0 . 5 0 . 0 0 6

0.1 0 . 0 0 1

0 . 0 5 0 . 0 0 1

0 . 0 1 0 . 0 0 0

SOM
O u t p u t

T o t a l  E x c h a n g e a b l e  Z i n c  ( D )  

( S o l i d  H A  a n d  F A ) ( S O M ) *

( m g / k g )

0 . 4 4 9

3.95
4 . 0 4

1 . 93

0 . 9 8 5

0 . 1 6 0

0 . 0 7 4

0 . 0 1 4

0 . 0 0 7

0.001
0.001
0.000

3.95
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Table E-l. Sample 99-1-0-7 zinc master table (cont.)

SOM
O u t p u t  

T o t a l  C o m p l e x e d  Z i n c  

( S o l i d  H A  a n d  F A ) ( S O M ) *

SOM
O u t p u t  

T o t a l  E x c h a n g e a b l e  Z i n c  

( D i s s o l v e d  F A ) ( S O M ) *

Os
t o

( m g / k g ) ( m g / k g )

1 0 0 7 3 3 . 3

5 7 1 1 5 . 6

5 5 9 15.1

115 1 . 4 0

5 7 . 5 0 . 5 9 0

1 1 . 6 0 . 1 0 4

5 . 7 8 0 . 0 5 1

1 . 1 6 0 . 0 1 0

0 . 5 7 9 0 . 0 0 5 " P r e d i c t e d " " P r e d i c t e d "

0 . 1 1 6 0 . 0 0 1 T o t a l T o t a l T o t a l  S o r b e d

0 . 0 5 8 0 . 0 0 0 S o l u b l e E x c h a n g e a b l e a n d  C o m p l e x e d

0 . 0 1 2 0 . 0 0 0 Z i n c Z i n c Z i n c

( m g / k g )  [mg/ 1] ( m g / k g ) ( m g / k g )

1 5 . 6 " 1 6 7 "

57 1

E x p e r i m e n t a l  D a t a  

D I W  E x t r a c t a b l e  

0 . 0 5 M  C a ( N 0 3) 2 E x t r a c t a b l e  

0 . 0 3 M  L a ( N 0 3) 3 E x t r a c t a b l e  

0 . 0 5 M  P b ( N 0 3) 2 E x t r a c t a b l e  

H N 0 3- H C 1 0 4- H F  E x t r a c t a b l e

(660)[16.5]
566 [1,226-660] 

1,006 [1,666-660]

"143"
"571"

1,333 [2,999-1,6661

" P r e d i c t e d "

T o t a l

Z i n c

( m g / k g )

"881"

7,760


