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SUMMARY 

 

This study contributes to the state of the science of contaminant flux through capped and 

uncapped sediments. Cd, Cr, Pb, Ag, As, Ba, Hg, CH3Hg and CN transport through sand (25 

cm), granular activated carbon (GAC, 2 cm), organoclay (2 cm), shredded tires (10 cm) and 

apatite (2 cm) caps was modeled by deterministic and Monte Carlo methods. Sand caps 

performed best under diffusion due to the greater diffusive path length. Apatite had the best 

advective performance for Cd, Cr and Pb. Organoclay performed best for Ag, As, Ba, CH3Hg 

and CN. Organoclay and apatite were equally effective for Hg. Monte Carlo analysis was used to 

determine output sensitivity. Sand was effective under diffusion for Cr within the 50% 

confidence interval (CI), for Cd and Pb (75% CI) and for As, Hg and CH3Hg (95% CI). Under 

diffusion and advection, apatite was effective for Cd, Pb and Hg (75% CI) and organoclay for Hg 

and CH3Hg (50% CI). GAC and shredded tires performed relatively poorly. Although no single 

cap is a panacea, apatite and organoclay have the broadest range of effectiveness. Cap 

performance is most sensitive to the partitioning coefficient (Kd) and hydraulic conductivity, 

indicating the importance of accurate site-specific measurement for these parameters.  

Important cap and contaminant parameters were measured through isotherm and column 

studies with the goal of re-performing model simulations with measured parameters and of 

comparing results to literature-derived model simulations. Although none of the caps exhibited a 

high sorption capacity for As, organoclay and apatite performed clearly better than sand and 

activated carbon. Surprisingly, organoclay exhibited a significantly higher sorption capacity than 

apatite for Cd based on the isotherm study results. On the other hand, based on the column study, 

apatite performed very well for Cd in the column study, as expected. Surprisingly, sand did not  
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SUMMARY (continued) 

 

exhibit such a poor sorption capacity as expected for Cd. Based on the column experiment 

results, activated carbon performed poorly for both As and Cd. The Kd results indicate close 

agreement between the experimental and literature Kd values with the exception of As and Cd 

with apatite.  

This study also quantified the magnitude of organic and metal contaminant facilitated 

transport due to gas ebullition at numerous urban waterway sites with wide variation in physical, 

chemical, and contamination characteristics. The magnitude of the ebullition-facilitated 

measured fluxes indicates that gas ebullition is an important pathway for release of both 

polycyclic aromatic hydrocarbons (PAHs) and heavy metals from buried sediments in urban 

freshwater systems. Measured benthic contaminant fluxes were compared to ebullition-facilitated 

contaminant fluxes at the same sites with the goal of understanding the role of these contaminant 

transport mechanisms on total contaminant transport. Comparison of direct benthic release rates 

to ebullition facilitated rates suggests that total PAHs are released at significantly greater rates by 

biogenic gas production. Although the increase in release rate is not as great for metals, 

ebullition facilitated release rates are frequently greater than benthic release. Mechanistic and 

empirical models developed in this study may be used to predict in situ gas ebullition flux and 

ebullition-facilitated contaminant flux. Results from both multivariate regression analyses and a 

mechanistic model suggest that metal transport likely is due to sediment particle re-suspension, 

while PAH transport is due to both contaminant partitioning to gas bubbles and to sediment re-

suspension. 
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CHAPTER I. INTRODUCTION 

 

Prior to the enactment of the Resource Conservation and Recovery Act in 1976 and the 

Comprehensive Environmental Response, Compensation and Liability Act in 1980, 

indiscriminant releases of contaminants to the air, water and soil were largely unregulated and 

led to substantial pollution of the environment. Contaminants like polycyclic aromatic 

hydrocarbons (PAHs), polychlorinated biphenyls (PCBs) and heavy metal contaminants 

accumulated on the bottom of rivers and lakes due to chemical interactions and transformations 

and due to their relatively long environmental persistence. Increased incidences of fish disease 

and decreased species biodiversity in pollution-impacted benthic/aquatic environments have 

been proposed as possible signals of the costs to ecological and human health posed by these 

contaminants (1-2). According to the United States Environmental Protection Agency (USEPA) 

(2), approximately ten percent of the sediments underlying US surface waters are contaminated 

with toxic pollutants. This represents some 2 billion m3 of contaminated sediment based upon 

estimates of the total surface sediments in the upper (20 cm) bioactive zone.  

Concentration gradients at the sediment-water interface result in the transport of sediment 

porewater contaminants to and from the overlying water by diffusion, but for most contaminants, 

advection is the most important contaminant transport process. Gas bubbles produced in 

sediments with a high organic matter content may also frequently result in the release of 

contaminants to the water column (3-4). Moreover, even though pollutants in the deeper 

sediments are generally not directly bioavailable, dredging, navigation, storms and high flow 

events frequently disturb the sediments and thus increase contaminant availability to the 

bioactive zone and water column. In addition, benthic animals can consume and/or uptake these 
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persistent pollutants through bioturbative activities, and subsequently release them to the water 

phase, contributing to accumulation in the food chain. 

Standard contaminated sediment remedial alternatives include dredging and in situ capping 

with sand or clean sediment (5-7). Each of these technologies has advantages and disadvantages. 

Dredging may re-suspend and release contaminants to the water column if effective containment 

is not maintained. In addition, dredging may be cost-prohibitive in large contaminated areas. 

Capping is susceptible to contaminant migration, scouring in high energy environments and may 

not be applicable for shallow navigable areas. 

A relatively recent innovation in the field of contaminated sediment remediation is active 

capping. Active capping both isolates contaminated sediments from the water phase while 

offering degradation and/or sequestration of contaminants by the active materials (8-9). Like 

normal capping, active capping is also subject to contaminant migration through the cap. 

However, selection of appropriate active materials and cap thicknesses can minimize 

contaminant flux to the water column at levels that are not significant from a risk standpoint; 

even with significant advective sediment-to-water-column porewater flow. A detailed evaluation 

of in situ processes that might compromise cap effectiveness is vital to guarantee cap 

effectiveness. 

Several capping projects have recently been implemented for remediation of contaminated 

sediments as an alternative to dredging, including the Anacostia River in Washington, DC (10), 

the McCormick and Baxter Creosote Superfund Site in Portland, OR (11), the Grasse River in 

Massena, NY (12), and Stryker Bay in Duluth, MN (13). Although it has been demonstrated that 

capping is effective at minimizing release of contaminants to the water column (14-16), no 

studies have yet been published comparing the effectiveness of both a wide variety of cap 
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materials and contaminants. Because many contaminated sediment sites have a mixture of both 

metal and organic contaminants, active media may be required to sequester both metals and 

organics. Additionally, gas bubble migration may cause cap damage and a pathway for 

contaminant release (10, 17). 

Recent research suggests that gas ebullition due primarily to methanogenic activity in 

sediments is an important mechanism of contaminant transport in sediments (3-4, 17-19). As 

observed by Reible and others (10), gas bubbles may damage the cap layer, opening preferential 

holes in the cap or even rupture the cap. Additionally, as gas bubbles are hydrophobic and tend 

to accumulate hydrophobic contaminants and sediment particles on their surface, they may 

transport contaminants by enhancing sediment re-suspension (3). Ebullition-facilitated sediment 

re-suspension may be as or a more significant mechanism of contaminant transport than bubble-

porewater contaminant partitioning (3, 19).  

Although contaminant transport from sediments by diffusion and advection has been 

extensively investigated, comparatively less is known about contaminant transport due to gas 

ebullition. Understanding and quantifying this contaminant transport mechanism is key to enable 

prediction of the total contaminant transport from sediments to the water column. However, there 

are a limited number of studies investigating organic contaminant transport to the water surface 

due to gas ebullition (3, 19-21) and almost no studies have investigated the role ebullition plays 

in facilitating metal release from sediments. Moreover, no studies to date, up to my knowledge, 

have compared the magnitude of organic and metal contaminant fluxes due to gas ebullition to 

direct benthic contaminant fluxes. 
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Thus, the overall objective of this study is to contribute to the state of the science of 

contaminant flux through capped and uncapped sediments focusing on questions that are not yet 

well understood. With this broad objective, the specific goals of this study are to: 

A) Compile model parameter data for a range of cap materials and for a range of 

contaminants from the scientific literature with the goal of modeling the transport of Cd, 

Cr, Pb, Ag, As, Ba, Hg, CH3Hg and CN through different capping configurations using 

stochastic methods to evaluate how sensitive model results are to uncertainty in model 

parameters; 

B) Measure important cap and contaminant parameters through isotherm and column studies 

with the goal of re-performing model simulations with measured parameters and of 

comparing results to literature-derived model simulations. Breakthrough column studies 

with anionic and cationic metals with multiple cap materials were also performed to 

evaluate cap performance and compare the experimental results with the output from the 

model; 

C) Prepare a pre-remedial site characterization in Bubbly Creek, Chicago River. A 

demonstration active capping project will potentially be implemented in Bubbly Creek; 

D) Quantify the magnitude of organic and metal contaminant facilitated transport due to gas 

ebullition at numerous urban waterway sites with wide variation in physical, chemical, 

and contamination characteristics. Models were also developed to predict ebullition-

facilitated contaminant release and compare these predictions to literature values. 

E) Quantify benthic organic and metal contaminant fluxes at the sediment-water interface in 

urban waterway sites with wide variation in physical, chemical, and contamination 

characteristics. The measured benthic contaminant fluxes were compared to ebullition-
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facilitated contaminant fluxes at the same sites with the goal of understanding the role of 

these contaminant transport mechanisms on total contaminant transport. 
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CHAPTER II. LITERATURE REVIEW 

 

Active capping is implemented to minimize sediment metal and organic contaminant release 

to the water column. This study focused on the performance of cap materials that have been (or 

proposed to be) used to minimize sediment metal contaminant release, and on contaminant 

transport mechanisms affecting cap or uncapped sediments. 

Thus, the first section of the literature review describes some biogeochemical characteristics 

of the heavy metal and organometal contaminants that are the focus of this research, and explores 

their fate in the sediment environment. This task is necessary to understand the importance of 

minimizing environmental and human exposure to each of these metal contaminants and to 

understand how metal speciation and sediment composition can affect metal solubility and 

bioavailability. 

The second section of the literature review focuses on mechanisms of contaminant transport 

(diffusion, advection, gas ebullition, bioturbation and consolidation) in addition to factors 

affecting cap performance. Literature studies evaluating capping effectiveness to minimize metal 

contaminant release to the water column are reviewed. 

 

2.1. Heavy Metals and Organometals 

Heavy metals represent a subset of the group of elements with metallic properties and with a 

specific gravity of greater than 4. They include the transition metals, some metalloids (such as 

As), lanthanides (atomic number 57 through 71) and actinides (atomic number 89 through 103). 

These elements pose a threat to the environment due to their high toxicity, persistence and 

widespread anthropogenic source. Sediments tend to act as reservoirs for most metals as the vast 
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majority tend to sorb to particles with high sedimentation propensity (with important exceptions 

like Hg). However, changing environmental conditions may affect metal behavior and increase 

bioavailability once in the benthic environment. 

The focus of this work is on Cd, Cr, Pb, Ag, As, Hg, CH3Hg and CN due to their importance 

as sediment contaminants based upon frequency of observation and risk. Cd, Cr, Pb, Ag, As and 

Hg comprise seven of the Resource Conservation and Recovery Act (RCRA) metals. Although 

CH3Hg and CN are not strictly considered heavy metals, CH3Hg is associated with Hg, and sites 

contaminated with heavy metals are frequently also contaminated with CN due to complex 

formation with heavy metals and their high solubility and/or toxicity. 

Although total metal concentration is typically not sufficient to evaluate the impact of metals 

on organisms or on the environment due to the well known role speciation plays on activity (22), 

it is not without utility to investigate transport relative to guidelines which are typically based on 

total metal concentration. This is because measuring the true metal speciation in situ for analysis 

can be difficult due to the complexity of matrices like soil and sediment, difficulties for sample 

preservation during sampling and analysis (particularly for redox-sensitive metals), and the 

presence of very low concentrations of different metal species. Additionally, assuming that metal 

speciation is invariant with time may lead to incorrect assessment of risk because metal species 

concentrations can change rapidly due to changing environmental conditions.  

Metal speciation is affected by many factors, including pH, oxidation-reduction potential, 

organic matter (in particular dissolved organic matter - DOM), and presence of solid 

precipitating phases and other catalysts of heterogeneous reactivity (e.g. iron and manganese-

oxides and sulfur). For example, Cd and Pb precipitate at increasing pH, which can be caused by 

interaction of acid waters with carbonates or silicate rocks (23). These complexities can make 
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any conclusions difficult to make without positing some system constraints. Thus, the primary 

metric of effectiveness used in this work will be the total metal concentration referenced to 

sediment quality guidelines which are themselves based on total metal levels. That being said, 

the importance of speciation on toxicity and mobility are addressed in the literature review. Site-

specific sediment, porewater, and water column characteristics are vital to assess metal 

speciation.  

A large fraction of contaminated sediments in the USA underlie ports. Although many ports 

are in marine and estuarine locations, ports in the Laurentian Great Lakes and the myriad river 

systems result in extensive freshwater sediment issues. Thus, understanding metal behavior in 

both marine and freshwater is important; particularly given the great differences in dissolved 

solids and resultant effects on metal reactivity (Table 2.1). 

 

Table 2.1. Typical marine and freshwater concentrations of the eight most prevalent ions
a
 

 Seawater Freshwater 

Constituent mg L-1 mM mg L-1 mM 

Na
+
 10,000 500 10 0.3 

Mg
2+

 1,000 60 10 0.3 

Ca
2+

 400 10 40 0.9 

K
+
 400 10 1 0.03 

Cl
-
 20,000 500 20 0.5 

SO4
2-

 3,000 30 20 0.2 

HCO3
-
 200 2 100 1 

Br
-
 70 0.8   

Total dissolved solids 35,000  200  

Ionic strength  700  4 

pH (unitless) 7.5 – 8.5  6.5 - 8  

Conductivity (µS cm
-1

) 30,000  400  
 a Sources: (24-28)     
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2.2. Criteria for Heavy Metal Contaminants in Water and Sediments 

The USEPA has compiled extensive studies of the toxicity of most metals to aquatic 

organisms to establish acute and chronic exposure criteria protective to sensitive organisms. 

USEPA uses the criterion for maximum concentration (CMC) and the criterion for continuous 

concentration (CCC) for metals in freshwater and saltwater (Table 2.2). The CMC criterion is 

defined as the “highest concentration of a material in surface water to which an aquatic 

community can be exposed briefly without resulting in an unacceptable effect”, thus representing 

an acute criterion. The criterion for continuous concentration (CCC) is an estimate of the 

“highest concentration of a material in surface water to which an aquatic community can be 

exposed indefinitely (i.e. chronic exposure) without resulting in an unacceptable effect” (29).  

 

Table 2.2. USEPA CMC and CCC for metals in freshwater and saltwater
a
 

Pollutant CAS 

Registry Number 

      Freshwater              Saltwater 

CMC 

(µg L
-1

) 

CCC 

(µg L
-1

) 

CMC  

(µg L
-1

) 

CCC  

(µg L
-1

) 

Cd 7440439 2.0 0.25 40 8.8 
Cr (III) 16065831 570 74   
Cr (VI) 18540299 16 11 1,100 50 
Pb 7439921 65 2.5 210 8.1 
Ag 7440224 3.2  1.9  
As 7440382 340 150 69 36 
Hg 7439976 1.4  0.77 1.8 0.94 
CH3Hg * 22967926 1.4  0.77 1.8 0.94 
CN 57125  22 5.2 1 1 
 a Source: (29). * According to USEPA, if a substantial portion of the mercury in the water 
column is methyl mercury, this criterion will probably be under protective. 

 

The nature of toxicological response is clear in these values. Chronic exposure criteria are 

much lower than acute criteria as exposure time is related to total dose. These values are in 

greatly simplified systems with organism exposure resulting directly through the aqueous 

pathway. However, in the sediment environment, the presence of a solid phase results in 
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complex partitioning behavior that makes exposure difficult to predict. Guidelines have been 

developed by several agencies that are typically designed to be protective in most sediments 

given an average exposure scenario. Table 2.3 shows two sets of guidelines for metal 

contaminant concentration in sediments developed by the Illinois EPA (IEPA) and the National 

Oceanic and Atmospheric Administration (NOAA). The IEPA classification of Illinois stream 

sediments was performed based on one, two, four and eight standard deviations. The sediment 

contaminant concentration was classified as elevated (E), highly elevated (HE) and extremely 

elevated (EX) (30). The NOAA guideline values are for preliminary screening purposes and do 

not constitute clean-up levels. The threshold effects level (TEL) is defined by the “concentration 

below which adverse effects are expected to occur only rarely”, while the probable effects level 

(PEL) is the “level above which adverse effects are frequently expected.” The apparent effects 

threshold (AET) and the upper effects threshold (UET)) are the “concentration above which 

adverse biological impacts would always be expected by that biological indicator” (31). EX 

values from IEPA classification are much higher for Cd and As than UET values from NOAA, 

while UET values are higher than EX for Cr, Pb and Hg. It is important to remember that the 

IEPA classification is actually a statistical classification of Illinois stream sediment 

concentrations from 94 sites comparing stream sediments across the state while the NOAA 

guideline reports values related with probabilities of adverse biological effects.  

When comparing marine and freshwater values, it is important to consider the different 

porewater composition and pH. Salinity affects the speciation of metals in the water and the 

physiology of organisms and marine water usually has a pH around 7.5 – 8.5, while freshwater 

has a pH around 6.5 – 8.0. Considering only the pH effect, Pb is usually more toxic at lower pH 

as Pb speciation is usually dominated by free Pb2+ at lower pH, which results in an increase in Pb 
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bioavailability and toxicity (32-33). This may help explain the more restrictive criteria for Pb in 

freshwater and in freshwater sediment (Tables 2.2 and 2.3). Cd criteria for marine water and 

marine sediment can be less restrictive than for freshwater due to strong Cd-Cl complexation in 

seawater. The fraction of uncomplexed Cd2+ ion decreases from 92.2% in freshwater to 4.4% in 

seawater at pH 8 (34), which in general decreases its bioavailability. This is true for TEL and 

PEL, but not for UET versus AET.  

 

Table 2.3. IEPA classification of Illinois stream sediments and NOAA guideline for 

freshwater and marine sediments
a
 

Pollutant IEPA classification (mg kg-1) NOAA screening reference table (mg kg-1) 
  Freshwater sediment Marine sediment 
 E  HE  EX  TEL  PEL  UET  TEL  PEL AET  
Cd >1.0 ≥2.0 ≥20 0.60 3.5 3.0 0.68 4.2 3.0 

Cr ≥23 ≥38 ≥60 37.3 90 95 52.3 160 62 

Pb ≥38 ≥60 ≥100 35 91 127 30 112 400 

Ag      4.5 0.73 1.8 3.1 

As ≥11 ≥17 ≥28 5.9 17 17 7.2 42 35 

Hg ≥0.10 ≥0.17 ≥0.30 0.17 0.49 0.56 0.13 0.70 0.41 

 
a 

Sources: (30-31). These criteria do not mention CH3Hg and CN levels. 

 

2.3. Importance of Redox Potential on Heavy Metal Speciation 

Oxygen is the most energetic biological electron acceptor, with energy yields many times 

those of anaerobic electron acceptors like sulfate. However, oxygen has very low solubility and 

thus it is typically limited or absent from high organic content aqueous systems. When oxygen is 

available, Fe2+ and Mn2+ may be oxidized biologically or inorganically to Fe3+ (low solubility, 

mostly in particulate form) and Mn4+ (low solubility) via reactions 2.1 and 2.2. Surprisingly, Fe2+ 

oxidation is statistically significantly more correlated with pH than with dissolved oxygen and 

very slow Fe2+ oxidation kinetics may delay reaching equilibrium for Fe redox couples (35). 
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In general for organic-rich sediments, which are typically found in contaminated sites, after 

a few millimeters to centimeters beneath the sediment-water interface, oxygen is unavailable and 

a gradient of terminal electron acceptors exists (Figure 2.1). Strict redox conditions affect 

contaminant fate and transport and its study is needed to understand contaminant attenuation 

processes (36). At a specific oxidation/reduction potential, one electron acceptor is favored. 

Some electron acceptors involved in anaerobic respiration according to their thermodynamic 

energy yield are NO3
-, Mn+4, Fe3+, SO4

2- and CO2. Methanogenesis, which is the conversion of 

methanogenic substrates such as acetate, hydrogen and carbon dioxide into methane and carbon 

dioxide, occurs when the other electron acceptors have been used up, although competition may 

occur between sulfate reducers and methanogens (37). 

 

Figure 2.1. Generalized sediment porewater profile of electron acceptors in an organic rich 

sediment system resulting in complete utilization of all electron acceptors through 

methanogenesis. Depth is shown below the sediment-water interface. Adapted from Rockne 

(38). 
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Oxide reduction occurs (reactions 2.3 - 2.7), forming again the soluble forms of iron, Fe2+, 

and manganese, Mn2+, which are thermodynamically stable only under anaerobic conditions 

(39).  

���� + 4	� +	 2�� → ���� + 2	�� (2.3) 

��(�	)� +3	� + �� 	→ 	���� + 3	�� (2.4) 

��(�	)� +2	� + 	
��� + �� 	→ 	��
�� + 3	�� (2.5) 

γ����	 +3	� + �� 	→ 	���� + 2	�� (2.6) 

γ����� +3	� + �� 	→ 	���� + 3 2� 	�� (2.7) 

When sulfate is available, sulfate-reducing bacteria (such as those in the genera 

Desulfovibrionacaea, Desulfobacteracaea and Desulfotomaculum) use electron donors, such as 

H2, lactate and pyruvate, and reduce SO4
2- to H2S (eq. 2.8). Sulfide is highly reactive with 

divalent metal cations forming compounds with very low solubility products (eq. 2.9) (40). 

Sulfide also reacts with Fe2+ forming pyrite (FeS2) and troilite (FeS) (eq. 2.10 - 12) (41-42). The 

prevalence of this reaction is demonstrated by the fact that the black color seen in many polluted 

sediments is due primarily to the high levels of FeS and other metal-S compounds. 

The solubility of FeS increases greatly with decreasing pH. According to Huerta-Diaz (43), 

trace metals may precipitate and/or adsorb on Fe sulfides, may form metal sulfides which 

precipitate due to very low solubility, or they may displace Fe from the FeS, and form new metal 

sulfides. These metals may become bioavailable if sediments are disturbed by storms, 

navigation, gas production, bioturbation, etc., causing sediment re-suspension and subsequent 

exposure to oxygen. The fraction of the sulfide complexes that are readily dissolved in acid are 

termed acid-volatile sulfides (AVS). AVS is an important parameter that controls cationic metal 
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activity and metal-induced toxicity as AVS binds with cationic metals forming sulfide 

compounds which are usually not highly bioavailable (44).  

2CH�O	 + 	SO��� 	→ 	H�S	 + 	2HCO�� (2.8) 

��� +	��� 	���� �!"###$ 	��[&] (2.9) 

���� +		��	 → 	��� + 2	� 
(2.10) 

	� + 	���	 → 	���� + 		�� 
(2.11) 

	��� + �(	 → 	���� 
(2.12) 

 

2.4. Mechanisms of Interaction between Particles and Metals 

Sorption describes the attachment and release of compounds between the aqueous and 

particulate phases. Sorption of metals may occur through adsorption and/or absorption. In many 

instances, due to the difficulty to distinguish between adsorption and absorption, the more 

general term, sorption, is used as it embraces both phenomena and usually neither adsorption nor 

absorption alone represents the whole picture of the accumulation phenomena (45). Adsorption 

is the accumulation of constituents at the interface of two phases (in this case the solid-water 

interface). It may be a physical process when it happens on the external surface of a particulate 

and involves only the weaker intermolecular forces (i.e., van der Waals interactions or hydrogen 

bonding) with no significant change in the electronic orbital states of the interacting species (46). 

It is a chemical process when there is the formation of chemical associations between ions or 

molecules from solution and the particle surface with significant chemical bonds being formed at 

the interfacial region. These bonds change the electronic orbital states of the interacting species 

(46). Adsorption mechanisms include electric interactions at surfaces, hydrophobic expulsion 
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(for hydrophobic compounds) and surface complexation (22, 47). Absorption occurs when 

sorbates diffuse or partition into the bulk phase of the solid phase (i.e. enters within the intra-

particle pore network of a porous solid).  

There are a multitude of mechanistic and empirical models to describe the solid-liquid 

sorption process. At equilibrium, these are frequently referred to as isotherms as their 

measurements are performed at constant temperature. Mechanistic models include the Langmuir 

and Brunaur, Emmett, Teller (BET) isotherms, and empirical or semi-mechanistic models 

include the Freundlich and linear equilibrium partitioning isotherms. The latter is the simplest 

model as the partitioning is a direct linear function of concentration (i.e. the partitioning 

parameter does not change as a function of concentration). Such a formulation lends itself to 

modeling as it greatly simplifies incorporation within ordinary and partial differential equations. 

The partitioning coefficient (Kd) is the ratio of concentrations of a compound in the two phases 

of a mixture of two immiscible phases at equilibrium. More specifically in our case it is the ratio 

of sorbed metal concentration on the solid matrix (mg kg-1 of sorbing material) to dissolved 

metal concentration in the aqueous phase (mg L-1 of solution) at equilibrium. 

Limitations of assuming a linear mathematical model consist in not imposing a limit to the 

amount of pollutant that can be sorbed on the solid matrix, and a limited dataset may lead to the 

conclusion that the relation is linear when it is actually not. For the non-linear sorption, the 

partitioning is a function of concentration. Freundlich and Langmuir models are most often used 

to represent such adsorption isotherms (eqs. 2.13 – 2.14). 


&�)� = +,
-. (2.13) 


&�)� = �&+,
-
1 + +,
-

 
(2.14) 
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Where Csorb (mg kg of sorbent-1) is the contaminant equilibrium concentration on the sorbent 

phase; Cw (mg L-1) is the contaminant equilibrium concentration in the liquid phase; Kd is the 

partitioning coefficient (L kg-1) and Ms is the maximum mass of contaminant that the adsorptive 

material can hold (mg kg of sorbent-1). For the Freundlich model, when f = 1/N = 1, the 

relationship is linear; when 0<f<1 (or N>1) there is a high affinity of the contaminant for the 

sorbent at low concentrations; when f>1 (or 0<N<1), there is a low affinity of the contaminant 

for the sorbent relative to the affinity of the contaminant for the solution (Figure 2.2). The 

Langmuir model describes the high affinity of the contaminant for the sorbent at low aqueous 

concentration with low or invariant affinity at higher contaminant aqueous concentrations (47).  

 

 

Figure 2.2. Isotherm models (adapted from Alvarez and Illman (47)). 

 

In my specific case, I am interested in the partitioning of contaminant between the cap 

material solid phase and the aqueous porewater phase. The partition coefficient for organic 

contaminants is a measure of the degree of hydrophilicity or hydrophobicity of the chemical of 

interest. Hydrophobic compounds (high partition coefficients) partition preferentially to 
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hydrophobic materials, while hydrophilic compounds partition preferentially to the water phase. 

Compilations of Kd values for many organic contaminants of concern have been performed, and 

there are many free energy relationships used to predict unknown Kd for compounds, perhaps 

most famously by the well known Karickhoff equation (48). The situation is not as simple for 

heavy metal contaminants, as Kd values are also a function of geochemical characteristics of the 

solid matrix and the porewater composition, pH and nature and concentration of sorbents (49). 

Despite these difficulties, attempts have been made to compile Kd data for some metals (49-51). 

Buergisser et al. (52) developed a method to obtain nonlinear isotherms based on 

breakthrough curves obtained from column experiments (flow-through reactors). The authors 

argue that equilibrium isotherms produced from batch experiments are subject to errors, such as 

particle morphological changes (e.g. shearing and milling) that occur during shaking that affect 

sorption capacity. One of the advantages of their method consists on the facility of identifying 

the shape of the isotherm based on the appearance of the breakthrough curve. The isotherm is 

linear if the adsorption and desorption front have exactly the same shape, convex if there is a 

substantial tailing in the desorption front or concave if the adsorption front is diffuse while the 

desorption front is sharp. The disadvantage of this method is the difficulty in reaching local 

equilibrium in the column. The method involves interpolating the data points of the breakthrough 

curve using a least-squares spline fit. The interpolated function is then numerically integrated 

using equation 2.15 to obtain the adsorption isotherm.  

/&�)� = 1
ρ
0 12(/ ′)

2( − 14!
(

5/′ 
(2.15) 
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csorb is the concentration of the sorbed species on the sorbate, ρ is mass of sorbent per unit 

pore volume (ρ=ρs(1-θ)/θ), ρs is the density of the sorbent matrix, θ is the porosity and t(c) is the 

concentration in the solution at the column outlet at time t. 

 

2.5. Factors Affecting Metal Biogeochemistry 

Some of the factors affecting heavy metal biogeochemistry include redox potential, pH, 

salinity, sulfate/sulfide concentration, iron concentration and organic matter (OM) content. Each 

of these factors affects metal speciation in a different way. For example, increased salinity does 

not affect Cd(II) in the same way it affects Cr(VI), as Cr(VI) is not subjected to Cl complexation 

(33). For Cd, increased salinity increases Cd-Cl complexation and reduces the proportion of free 

ion concentration, decreasing its bioavailability (53-54). 

An increase in alkalinity affects differently sorption mechanisms for each metal, affecting 

metal mobility differently. In general, sorption increases with pH for all cationic metals (such as 

Cd, Cr(III), and Pb) while it decreases with pH for anionic metals (such as Cr(VI) as CrO4
2- and 

As as AsO3
3-and AsO4

3-). This can be explained by many sorption sites in sediments being pH 

dependent, such as Fe and Mn oxides, carbonates and the edges of clay minerals. The number of 

sites for cation sorption diminishes as the pH becomes more acidic while the number of sites for 

anion sorption increases. Additionally, metal cations face competition for available charged sites 

occupied by other metals, such as Al3+, H+ and Ca2+. Fe and Mn oxides usually dissolve below 

pH 6, releasing sorbed metal ions to solution. However, DOM can affect this behavior due to 

formation of metal complexes with DOM, which can either increase or decrease metal mobility 

(55-56). DOM generally reduces metal bioavailability by metal complexation (57). However, 
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DOM may enhance metal transport through the water column and DOM-bound metals might be 

more mobile than dissolved uncomplexed metal ions. 

Some metals have more than one important oxidation state normally found in the 

environment and thus are substantially affected by the redox potential of the sediment (42, 56, 

58-61). Oxidizing conditions in general favor retention of metals while reducing conditions favor 

mobility (55, 60-61). For example, As (III) is predominant in reduced conditions and its species 

have higher solubility than As(V) species. However, care should be taken when making this 

consideration. For example, Cr(VI) is substantially more toxic than Cr(III) and usually more 

soluble, but it is usually not present in sediments when AVS is in excess. Cr(VI) is in general 

reduced to Cr(III) by excess AVS and the risk of Cr exposure to organisms should be low under 

reduced conditions as Cr(III) will be the major environment species under anoxic conditions (62-

63), and it is less toxic and usually less mobile than Cr(VI). 

The factors affecting metal biochemistry are discussed in more detail for Cd, Cr, Pb, Ag, As, 

Hg and CN in the next items. 

 

2.6. Cadmium in the Environment 

Cd is classified as a class B1 carcinogen by USEPA (i.e., probably human carcinogen with 

sufficient evidence from animal bioassay data, but limited human evidence). Human response to 

Cd exposure includes diarrhea, anemia, bone disorders, liver, kidney and lung damage, and even 

death in acute exposures (64). The most serious event involving Cd occurred in Japan, when rice 

was grown with irrigation from water contaminated with Cd from a Zn mining and smelting 

operation downstream. Hundreds of people contracted a degenerative bone disease, mostly older 

woman, due to a Cd intake around 600 µg d-1. Primary anthropogenic sources of Cd to the 

environment include metal plating, smelting and mining industries, nickel-cadmium rechargeable 
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batteries, phosphate fertilizers, and paints (64). Natural sources include volcanic action, forest 

fires and release of metal-enriched particles from terrestrial vegetation (61).  

The primary oxidation state of Cd in aqueous environments is +II. The solubility curve for 

Cd (and Zn) is shown in Figure 2.3 in equilibrium with carbon dioxide concentrations normally 

found in inland waters (10-2 – 10-3 moles CO2 dissolved L-1) (23). Cd is substantially soluble in 

water. However, when sulfide ions are present, Cd has very low solubility, precipitating as CdS 

(65). In general, more mobile Cd species are formed when pH decreases (i.e., increase in H+ ion 

concentration) from near neutral to a moderately acid and oxidizing environment (23). Solubility 

values of some Cd species are shown in Table 2.4 and it can be observed that CdS has very low 

solubility, followed by Cd(OH)2.  

 

 

Figure 2.3. Solubility of Cd and Zn as a function of pH (23). 
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Cd in freshwater sediments is mainly bounded to iron and manganese oxides, but it is also 

substantially bounded to OM and sulfides (66-67). A smaller fraction can be found as the free 

ion. Cd in its ionic form seems to be more readily absorbed by fish (68). 

 

Table 2.4. Literature reported solubility of different Cd species in water 

Compound Name Solubility (mg L
-1

) 

CdS cadmium sulfide 1.6 10-5 – 0.01 
CdSO3 cadmium sulfite 248 
CdO cadmium oxide 4.2 
Cd(OH)2 cadmium hydroxide 1.2 
  a Sources: (69-71) 

 

At pH less than five and low sulfide concentrations, Cd solubility rises with decrease in 

sulfide concentrations due to formation of Cd2+, CdCl2, and Cd-DOC complexes (Figure 2.4). At 

pH higher than 5, solubility increases due to formation of anionic CdOHS-. Considering only Cd-

S species, which have low solubility, at high total sulfide concentrations (regardless of pH), 

solubility rises because of formation of the anions Cd(HS)4 
2- and Cd(HS)3

-. Sulfide levels can 

vary substantially for different sites and with temperature due to sediment microbial activity and 

with sediment depth. Typical total hydrogen sulfide concentrations in porewater from freshwater 

and marine sediments are on the order of 10-5 M and 10-2 M (72), respectively. Moreover, typical 

acid volatile sulfide (AVS) concentrations in unpolluted freshwater and marine water sediments 

are on the order of 0.01 and 0.06 mol S kg-1 dry wt (73), respectively. Thus, at marine water with 

pH usually around 8 and sulfide concentrations on the order of 10-2 M, Cd concentrations could 

be higher than 0.1 µg L-1 at the Cl concentration of 0.1 M (which is considered low for marine 

waters).  
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Figure 2.4. Cd solubility as a function of total S
2-

 concentration at different pH values. 

Total [Cl
-
] = 0.1 M; T = 25 °C (69). 

 

Due to strong Cl complexation in seawater, the fraction of uncomplexed Cd2+ ion decreases 

from 92.2% in freshwater to 4.4% in seawater at pH 8 (34). Thus, increased salinity increases Cl 

complexation and reduces the proportion of free ion concentration, reducing metal availability 

and decreasing metal uptake from solution. Cd as free Cd2+ concentration increases by 20-30 

times with decreasing salinity from 35 parts per thousand to 0 and this corresponds to a 20-30 

times higher uptake in freshwater fish than in marine fish (33). Although Cd complexation with 

Cl ligands may dominate Cd speciation, there is substantial complexation of dissolved Cd to 

organic ligands (74). 

 

2.7. Lead in the Environment 

The USEPA has adopted a Maximum Contaminant Level Goal (MCLG) of zero for Pb in 

drinking water because Pb is classified as a Class B2 carcinogen (i.e., probably human 

carcinogen with sufficient evidence from animal bioassay data, but with little or no human data) 
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(75). Lead exposure is associated with children reduced stature, retarded postnatal growth, 

anemia, kidney injury, fatal childhood Pb encephalopathy, severe damage to brain, and 

ultimately death (76-77). Pb is highly toxic especially for children. Pb exposure for children in 

the USA is usually through lead paint. After Pb was banned for use in paints in 1978, children 

became less likely to be exposed to Pb poisoning. Nevertheless, old houses still present high risk 

for children lead poisoning. Pb also causes restricted development of IQ and increased blood 

pressure in adults. Lead is a bluish-gray metal and it occurs naturally in the environment. It can 

be found in minerals like galena (PbS), anglesite (PbSO4) and cerussite (PbCO3). Anthropogenic 

sources of Pb to the environment include burning of fossil fuels (including post lead amendment 

to gasoline to increase octane), mining, batteries, ammunition, metal production, deteriorating 

pipes, solders and paints, waste incineration, coal burning, drinking water, and lead arsenate use 

in agriculture (65, 77). Pb has four stable isotopes, 204Pb, 206Pb, 207Pb and 208Pb.  

According to Rendberg et al. (78), the first traces of Pb pollution in Sweden sediment can be 

traced back to 3500 years ago. It is interesting that the authors observed that at least 50% of the 

cumulative anthropogenic load of atmospheric Pb is from pre-industrial time. Pb was used in the 

Roman period in water ducts and for cooking vessels and its production increased during the 

medieval period. Brannvall et al. (79), concluded in a study in northern European that 

atmospheric Pb deposition did not increase substantially with the Industrial Revolution, but did 

increase significantly during 1950 – 1970 due to the extensive use of leaded gasoline. After the 

1970s, there was a reduction in Pb emissions (80), although this pattern was not followed 

worldwide (81), as developing countries have not controlled emissions and leaded gasoline is 

sometimes still used (82). 
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Pb can be found in the +II and +IV oxidation states. The most common species found in 

freshwater are Pb2+, PbOH+, Pb(OH)2, Pb(OH)3
-, PbCO3(aq), Pb(CO3)2

2-, PbSO4, PbCl, PbCl2, 

PbCl3, PbCl4, PbS and Pb(DOM) (22, 83). Solubility values of some of these compounds can be 

found in Table 2.5. PbS has the lowest solubility value in the table, followed by PbCO3, which is 

usually the dominant species for pH higher than 7 (Table 2.6) based on a study by Smolyakov et 

al. (83) with a reservoir water. The researchers observed that at higher pH, PbCO3(aq) and 

Pb(OH)2 (in a smaller scale) concentration increases, while Pb2+ and Pb(DOM) concentrations 

decreases. Pb is usually less toxic at high pH as decrease in the proportion of free ion 

concentration usually suggests a decrease in metal bioavailability and thus decrease in metal 

uptake by organisms and toxicity. PbSO4(aq) and PbCl+ concentrations also decrease with pH 

increase (22).  

 

Table 2.5. Literature reported solubility of different Pb species in water 

Compound Name Solubility (mg L
-1

) 

PbCl2.PbO lead chloride.oxide 41 
PbS lead sulfide 0.19 
PbSO4.PbO lead sulfate oxide 5.3 
PbSO3 lead sulfite 1.7 
PbO lead oxide 63 
PbCO3 lead carbonate 1.3 
  a Sources: (70-71) 

 

Table 2.6. Pb species (%) in a reservoir water at different pH
a
 

pH Pb
2+

 PbOH
+
 Pb(OH)2 PbCO3 Pb(DOM) 

6 61.1  0.6  0.01  11.3  27.1 
7 12.8  1.3  0.1  61.1  24.8 
8 1.4  1.5  0.7  79.8  16.5 
9 0.1  1.7  7.6  83.9  6.7 
 a Source: (83) 
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Pb in sediments is mainly found bounded to iron and manganese oxides or as the free ion 

species. A smaller fraction of Pb in sediments can be found bounded to carbonates (67). Fe and 

Mn oxides are thermodynamically unstable under anoxic conditions and thus Pb may be released 

under low redox potential, while the fraction bounded to carbonates is pH sensitive (84). 

 

2.8. Chromium in the Environment 

Cr(VI) is classified as a Class A carcinogen (i.e., known human carcinogen) by the 

inhalation route of exposure. Breathing Cr(VI) may cause ulcers and holes in the nasal septum. 

Cr (VI) swallow in high doses may lead to lung cancer, asthma attacks, ulcers, convulsions, 

kidney and liver damage, and even death (59). Cr is the 21st most abundant element on Earth. 

The mean concentration of Cr in U.S. soils is 40 mg kg-1 
(42). Cr is used primarily in stainless 

steel, chromate production, chrome plating, leather and wood preservation, ferrochrome industry, 

chrome pigments and leather tanning. Painters, welders, battery makers, candle makers, rubber 

and dye makers and cement workers face possible workplace exposure to Cr.  

Cr can be found in the oxidation states from –II to +VI, while the divalent, trivalent and 

hexavalent states are the most prevalent in the environment. Cr(III) is the most stable state and is 

usually found in combination with iron or other metal oxides. This form has very low solubility 

(with the exception of acetate, hexahydrate of chloride and nitrate salts, Table 2.7) and low 

reactivity resulting in low mobility in the environment and relatively low toxicity to organisms 

(42, 59). Cr(VI) is much more toxic than Cr(III) and usually more soluble, thus representing a 

significantly increased risk from both a dose and exposure standpoint. Cr(VI) usually exists as 

chromate (CrO4
2-, pH>6.4), bichromate (HCrO4

-, 1<pH<6.4) and dichromate (Cr2O7
2-, pH<3) 

(85). Cr solubility in water at pH 7 increases from species 

FeO.Cr2O3<Cr2O3<Cr(OH)3<CrPO4<PbCrO4<CrAsO4~BaCrO4<CaCrO4<CrCl3~Cr2(SO4)3 (85). 
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Table 2.7. Cr solubility for different Cr species 

Compound Name Solubility (mg L
-1

) 

CrSO4 chromium(II) sulfate 38,649  
PbCrO4 lead chromate (VI) 0.016 
FeO-Cr2O3 ferrochromite (III) insoluble 
Cr2O3 chromium (III) oxide insoluble 
Ag2CrO4 silver chromate (VI) 4.1 
BaCrO4 barium chromate (VI) 2.1 
CaCrO4 calcium chromate (VI) 7,400 
CrO3 chromium (VI) trioxide Very soluble 
CrCl3.6H2O chromium (III) chloride, 

hexahydrate 
114,000 

  a Sources: (59, 70) 

 

In natural waters, Cr can be found as both Cr(III) and Cr(VI). Normally, Cr(III) is mainly 

found in anaerobic conditions and Cr(VI) in aerobic environment. pH is also an important factor 

as under basic pH Cr(III) tends to precipitate out and under acidic pH it tends to solubilize. Also, 

DOM affects Cr speciation and may increase Cr(III) concentration in oxygenated surface (55). 

Cr(VI) can be reduced to Cr(III) in the presence of oxidizable OM, zerovalent metals, Fe2+ 

and sulfides (59, 85-86); all of which are frequently found in polluted sediments. Cr(III) can be 

oxidized to Cr(VI) by O2 and Mn oxides (87). Schlautman and Han (86) verified that Cr(VI) 

reduction rates increase with pH increase within the pH range of 3.5 to 7. Further, Graham et al. 

(63) observed that Cr(VI) is usually not present in sediments when AVS (mostly represented by 

FeS) is in excess. The researchers noticed that in this case all Cr(VI) should be reduced to Cr(III) 

by excess AVS and the risk of Cr exposure to organisms should be low as Cr(III) precipitates or 

is sorbed onto the sediment. However, the authors mentioned that sediment re-suspension or 

increase in dissolved oxygen in bottom waters may change the sediment redox buffering capacity 

leading to oxidation of Cr(III) to Cr(VI). In experiments performed by Patterson et al. (88), all 
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added Cr(VI) was removed from solution by FeS, forming for example [Cr0.25, Fe0.75](OH)3. 

Thus, a potential un-intended benefit of sediment pollution is that Cr is more likely to be found 

in the Cr(III) state, particularly in higher pH marine systems. 


6(78)�9 + 3��(88)�9 → 
6(888)�9 + 3��(888)�9 
(2.16) 

 

2.9. Silver in the Environment 

Ag may cause argyria (sickness where skin and other body tissues turn gray in a permanent 

state), kidney problems (more studies are necessary to prove this effect), lung and throat 

irritation and stomach pain (usually through silver nitrate and silver oxide). Even though Ag may 

cause harmful health effects, it does present some helpful uses, such as use in salves for burn 

victims, and some water treatment methods use it to kill bacteria (89). On the other hand, Ag is 

considered one of the most toxic metals to fish (90). Ag+1 is highly toxic to fish due to its toxic 

effects on the Na+ and Cl- transport across the gills and the intestine, resulting in failure to 

maintain constant Na+ and Cl- concentrations in the blood plasma (91). AgNO3 is more toxic 

than AgCl and silver thiosulfate (Ag2S2O3) (92). Rodgers et al. (92) also reported that free ionic 

Ag is substantially more acutely toxic than complexed and sorbed Ag species. Silver sulfide and 

silver chloride are not highly toxic (93). 

Ag is used to make jewelry, silverware, electronic equipment, photographs and dental 

fillings. It occurs in metal form, but also in powdery white (silver nitrate and silver chloride) or 

dark-gray to black compounds (silver sulfide and silver oxide). Ag is released in the environment 

through mining activity, photo-processing and dental effluents, natural wearing down of silver-

bearing rocks and soil by the wind and rain, and other sources (89-90). The most common 

oxidation states are 0 and +I, but other possible states are +II and +III. 
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Ag in freshwater is usually found as AgBr, AgCl and AgI under oxidizing conditions and as 

free metal and Ag2S under reducing conditions (93). It can also be found in combination with 

HCO3
- and SO4

2-. Ag is frequently found adsorbed onto manganese and ferric oxides and clay 

minerals, to which it has a high affinity. Howe and Dobson (93) reported that Ag is usually less 

toxic to freshwater aquatic organisms under low dissolved Ag+ concentration and under high pH, 

hardness, sulfide and dissolved and particulate organic loadings. Highly contaminated waters or 

waters with elevated OM content may contain silver thiolate (AgSCnH2n+1) as the dominant 

dissolved species (93). Solubility values for some Ag species can be found in Table 2.8 with 

Ag2S being the least soluble species and AgNO3 the most soluble one.  

 

Table 2.8. Ag solubility for different Ag species 

Compound Name Solubility (mg L
-1

) 

Ag2O silver (II) oxide 48 
AgNO3 silver nitrate 1.5 106 
Ag2SO3 silver sulfite 2.2 
AgCl silver chloride 1.4 
Ag2S silver sulfide 0.12 
Ag2CO3 silver carbonate 23 
Ag3PO4 silver phosphate 4.9 
AgC2H3O2 silver acetate 4,732  
Ag2SO4 silver sulfate 5,743 
  a Sources: (70-71, 89, 92) 

 

Reduced redox conditions and pH greater than 7 usually favor immobilization of Ag in 

sediments decreasing percentage of Ag+, although there are other sediment characteristics that 

may affect Ag speciation more strongly, such as AVS (92). Thus, interactions of different 

sediment characteristics determine Ag bioavailability and toxicity. For example, in marine 

unpolluted waters, Ag speciation is dominated by inorganic chloride complexes and dissolved 
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Ag is present at very low concentrations, resulting in lower bioavailability of Ag with marine 

organisms (93-94). 

 

2.10. Arsenic in the Environment 

The US Department of Health and Human Services (DHHS), the International Agency for 

Research on Cancer (IARC) and the USEPA all have determined that inorganic As is a Class A 

carcinogen. Inorganic As is a human poison and in large oral doses can cause death. It may cause 

irritation of stomach and intestines, diarrhea, liver and kidney damage, nervous system disorders, 

anemia, skin changes and cancer, and it increases the risk of cancer in liver, bladder and lungs. 

There is comparatively less information available on the effects of organo-arsenic compounds in 

humans, but some studies suggest they are less toxic than the inorganic forms (60). 

As is the 20th most abundant element in nature (85). As is typically present in one of these 

three oxidation states: -III, 0, +III and +V. A variety of arsenate ions (AsO4
3- with As in the 

oxidation state +V) and arsenite ions (AsO3
3- with As in the oxidation state +III) occur in the 

water, air, soil and food. Arsenites tend to be more toxic and mobile than arsenates (95), while 

arsine (AsH3) is the most highly toxic. AsH3 can be formed under very reducing conditions (Eh < 

-500mV at pH 7).  

As (V) is the major dissolved As species under oxic conditions and its solubility is lower, 

while As (III) is predominant in reduced conditions and is more soluble. When As (III) is 

released to oxic waters, it is transformed in As (V) with a timescale of days (61). Under 

moderately reduced conditions, As solubility is mostly controlled by dissolution of iron 

oxyhydroxides, such as goethite (α-FeOOH), lepidocrocite (γ-FeOOH) and hematite (Fe2O3). 
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There are several methyl and phenyl derivatives of As that are widely used in agriculture. 

Common sources are nonferrous metal mining and smelting, pesticide application, coal 

combustion, wood preservative, and waste incineration. It is also released from natural sources, 

like wind-blown soil and volcanoes. It can also be found in drinking water from private wells 

(60). 20 countries have reported problems with As groundwater contamination (85). Aquifers 

may naturally have high immobilized As concentrations. However, anthropogenic changes to the 

environment mobilize As in groundwater. For example, excessive depletion of aquifer level may 

lead to oxidation of naturally occurring As complexes, such as the As-sulfide mineral 

arsenopyrite (FeAsS), mobilizing As. Also, oxyanionic As species may be adsorbed on surfaces 

of Fe and Mn oxyhydroxides, which have pH-dependent surface charges. At increased alkalinity, 

the oxide surfaces become zero charged and release As oxyanions by desorption. In reduced 

environments, dissolution of Fe oxyhydroxides results in release of Fe and As into the water. 

Also, aquifers rich in OM appear to provide a reducing environment due to rapid depletion of O2, 

resulting in As(V) being reduced to the more soluble form of As (As(III) species) and to 

methylated arsenicals (96-97). 

As speciation and solubility is also strongly affected by pH (Figure 2.5). According to 

Masscheleyn et al. (95), under oxidized conditions and high pH (when arsenate is dominant), As 

concentrations in soil were three time higher than at lower pH. Decreasing positive surface 

charge of oxides with increasing pH facilitates desorption of arsenate. 
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Figure 2.5. The Eh-pH diagram for As at 25° C and 101kPa (98). 

 

Under reduced conditions, As2S3 and FeAsS are dominant sinks. Jay and others (99) 

reported that in sulfidic sediments at high Fe/S ratios, As usually precipitates as AsS and at low 

Fe/S ratios As2S3 is usually formed. As may occur also preferentially as arsenopyrite (FeAsS). 

Arsenite adsorption reactions on ZnS and PbS are also important sinks. However, As-containing 

minerals may dissolve, releasing both adsorbed As and As bounded in the mineral structure. 

Floroiu et al. (100) observed that arsenic sulfide dissolution rates increase with an increase in pH 

and with high concentrations of sulfide. However under acidic and neutral conditions, As2S3 

solubility (Table 2.9) is independent of pH. According to the authors, that is probably due to 

hydroxide ions adsorption onto As surface sites at basic pH, creating charge on the surface and 

weakening the interstitial bonds through bond polarization. As species will does dissolve from 

the As2S3.  
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Table 2.9. As solubility for some As species 

Compound Name Solubility (mg L
-1

) 

As2O3 arsenic (III) trioxide 11,322  
As2S3 arsenic (III) trisulfide 0.32 
As2S5 arsenic (V) pentasulfide 0.43 
Ag3AsO3 silver arsenite (III) 1.9 
  a Source: (70)   

 

2.11. Mercury and Methyl Mercury in the Environment 

High Hg exposure may lead to lung, stomach, kidney, brain and intestinal damage and cause 

death. It also causes tremor, deafness, vomiting, diarrhea, adverse effects on the developing fetus 

and increases the number of spontaneous abortions (58). The CH3Hg species is the most toxic 

one, with well-publicized poisoning cases such as the Minamata Bay, Japan environmental 

disaster where thousands of people were poisoned by consuming fish contaminated with as high 

as 100 mg kg-1 CH3Hg concentrations, resulting in high frequency of teratogenesis in the 

exposed populations. The North American recommended Hg limit in fish is 0.5 ppm (65). 

Hg can be found as metallic or elemental mercury Hg0, inorganic mercury as Hg2+ and Hg1+, 

and organic mercury (normally found as methyl mercury). Metallic mercury is a shiny, silver-

white metal that is a liquid at room temperature and it has a high tendency to evaporate as gas. 

Mercuric (Hg2+) mercury is the predominant form of Hg in surface waters and it is present as 

complexes with chloride and hydroxide ions and chelates (complex formation with metals) with 

ligands. DOM strongly affects Hg speciation. Most inorganic Hg in waters is associated with 

DOM (around 95%) with a small fraction (<5%) occurring in dissolved inorganic, potentially 

reactive, forms (101).The most common forms of organo-mercury compounds are methyl 

mercury and dimethyl mercury (58). CH3Hg is soluble, mobile, and quickly enters the aquatic 

food chain, where it is frequently biomagnified in top predators. CH3Hg is predominant over 

Hg(CH3)2 under neutral and acidic conditions (65).  
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Hg is used to produce chlorine gas and caustic soda, to extract gold from ore or articles that 

contain gold and as a fungicide. It is also used in thermometers, fluorescent light bulbs, 

barometers, batteries, electrical switches and in dental fillings. According to ATSDR (58), 

around 80% of the Hg released from human activities is elemental Hg released to the air from 

fossil fuel combustion, mining, smelting and from solid waste incineration. 

CH3Hg is mainly formed by microorganisms such as sulfate reducing bacteria and it is 

usually the form of Hg that bioaccumulates in the food chain as it is the most easily absorbed Hg 

form through the gastrointestinal tract (58). Methylation is faster at lower pH due to the higher 

bioavailability of the neutral Hg-sulfides from which CH3Hg is formed (65). Sulfate-reducing 

bacteria (SRB) Desulfovibrioacaea, Desulfotomaculum, and the Dsulfobacteracaea in particular 

play the key role in this process (102). High sulfate concentrations are necessary so that SRB 

activity is not limited. However, very high sulfide concentrations produced by SRB inhibits 

methylation by precipitation of HgS (103). Therefore, there is an ideal sulfate and sulfide 

concentration range in which methylation occurs (104). 

The Hg cycle is shown in Figure 2.6. At a pH range of 4 to 9 and typical sulfide 

concentration, Hg forms HgS, which is relatively insoluble in aqueous solution (11 10-17 µg L-1) 

and precipitates, removing mercury ions from the water and reducing their availability to fish 

(58, 105). Typical total H2S concentrations in porewater from freshwater and marine sediments 

are on the order of 10-5 M and 10-2 M, respectively (72). Typical concentration of mercury in 

bottom sediments is 10 – 200 ng g-1 of dry mass. Typical CH3Hg concentration in bottom 

sediments is 1 – 1.5% of total mercury (106-107). 
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Figure 2.6. Simplified aquatic Hg cycle showing inter-species transformations. Dashed lines 

represent the boundary between environmental compartments where the processes are 

most prevalent. Figure from ATSDR (58). 

 

The solubility of some Hg species can be found in Table 2.10 with Hg2SO3 being the lowest 

soluble, followed by HgS. HgCl2 and Hg(CN)2 are highly soluble. Hg-S complexes are abundant 

in anoxic marine waters, with HgS solubility increasing with an increase in redox levels. Hg in 

aquatic systems is mostly immobilized in the sediments. However, changes in environmental 

conditions can remobilize Hg to the water column due to sulfide oxidation or CH3Hg formation 

through biotic and abiotic transformations (108). HgCl2 species are the main species in very oxic 

sediments, which is not a common characteristic in sediments (105). 
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Table 2.10. Hg solubility for some Hg species 

Compound Name Solubility (mg L
-1

) 

Hg2SO3 mercury (I) sulfite 3.0 10-6 
Hg(OH)2 mercury(II) hydroxide 50 
HgO mercury(II) oxide 48 
HgCl2 mercury(II) chloride 49,965  
Hg2Cl2 mercury (I) chloride slightly soluble 
Hg(CN)2 mercury(II) cyanide 73,855  
HgS mercury(II) sulfide 0.011 
Hg2SO4 mercury(I) sulfate 315 
HgC2H3O2 mercury(I) acetate 5,795 
CH3Hg methyl mercury 100 
  a Sources: (70-71, 109-110) 

 

2.12. Cyanide in the Environment  

CN may cause shortness of breath, brain and heart damage, and can cause coma and death. 

According to ATSDR (111), breathing 546 ppm of HCN causes death after a 10 min exposure 

and a 110 ppm concentration is life-threatening after a 1 hr exposure.  

CN is found in low amounts in plants and fruits, mainly in pits and seeds of apricots, apples 

and peaches (111). CN is a strong solvent for metals that solubilizes many substances and it is 

frequently used in gold and other mining industries. CN also enters the environment through 

discharges from organic chemical industries, iron and steel plants or manufacturers, wastewater 

treatment facilities, vehicle exhaust, burning of waste, cyanide-containing pesticides, 

photographic developing and the manufacture of plastics. The most common forms of CN in the 

environment are HCN, NaCN and KCN. HCN is a colorless gas while NaCN and KCN are both 

white solids. HCN is highly toxic and it was used in gas-chamber executions and as a war gas 

agent (111).  

Free cyanide (HCN, CN-) is the most reactive and toxic form, readily forming compounds 

with lower solubility. At pH less than 8, more than 93% of the free cyanide in water will exist as 
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non-dissociated HCN, with a pka of 9.2 at 25° C. In sediments and soil, CN may occur as HCN, 

alkali metal salts or as low solubility metallocyanide complexes (111). NaCN, KCN and 

Ca(CN)2 are highly soluble in water and rapidly dissolve to form free cyanide. Weak metal-

cyanide complexes (like AgCN, HgCN2 and CdCN2) can dissociate under weak acid conditions, 

while strong metal-cyanide complexes (e.g. Fe(CN)6
4-) only dissociate under strong acid 

conditions in the dark or easily decompose when exposed to light (112). The solubility of Fe-CN 

complexes generally increases with an increase in pH (113) as adsorption on OM surface and 

precipitation are important processes affecting dissolved Fe-CN concentrations and they decrease 

as pH increases (114). Solubility values for some CN species can be found in Table 2.11. 

Volatilization is an important process affecting the fate of CN. Other important processes 

are CN complexation with metals and biodegradation. Biodegradation of CN occurs aerobically 

and anaerobically, Under aerobic conditions, CN compounds are converted into ammonia and 

under anaerobic conditions, into ammonia and methane (112, 115). Upper limits of 200 and 2 mg 

kg-1 CN–, respectively, may inhibit aerobic and anaerobic biodegradation of cyanide in soil 

(116). 

 

Table 2.11. CN solubility for some CN species 

Compound Name Solubility (mg L
-1

) 

HCN hydrogen cyanide slightly soluble 
NaCN sodium cyanide highly soluble 
KCN potassium cyanide highly soluble 
AgCN silver cyanide highly soluble 
Cd(CN)2 cadmium cyanide 0.78 
Ba(CN)2 barium cyanide 121,965  
Hg(CN)2 mercury(II) cyanide 19,145  
  a Sources: (70, 117) 
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2.13. Bioavailability and Toxicity 

In its most general definition, bioavailability refers to the rate or extent that a compound of 

interest comes into contact with the organism of interest in a form that can be brought within the 

cell. Being able to distinguish between the available and non-available fractions of metals to 

biological systems is an important task that cannot be accomplished by total metal measurements 

(118). Bioavailability can be assessed in many different ways: by measuring contaminant 

accumulation into tissues of organisms; by using metal-specific bacterial sensors; by performing 

toxicity tests with fishes, worms and crustaceans; by measuring the ratio of concentration of 

simultaneously extracted metal (SEM) and AVS (SEM/AVS); etc (44, 118-119). 

Some factors affecting bioavailability are the rate of transfer of the contaminant from the 

media to the cell and the rate of uptake and metabolism of the cell, which means that its value 

differs for different organisms and different contaminants. Sorption to surfaces within the nano- 

and micropores in the solid phase may protect contaminants from attack by microorganisms. The 

affinity to the various solid-phase fractions is very important. During desorption of solid-bound 

organic contaminants to the liquid phase, adsorbents in contact with the solid phase will 

preferentially intercept and adsorb the contaminants before they become bioavailable to 

organisms. The sorption capacity is enhanced when the particle size of the adsorbent is very 

small due to the greater contact area between solid phase and carbon particles and because of the 

greater carbon surface areas per unit mass of carbon (120). 

Although there have been attempts to correlate metal bioavailability with aqueous metal 

concentrations as a proxy to assess the much less easily measured bioavailability, uptake is 

greatly affected by sediment characteristics such as organic carbon content, pH, redox potential 

and AVS. According to Ankley et al. (121), different studies have shown that total metal 

concentrations in sediments are not good predictors of bioavailability, while metal concentrations 
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in interstitial porewater are better predictors for biological effects. The authors consider that 

assessment of AVS concentrations and measurement of interstitial porewater metal 

concentrations are the most useful parameters to predict metal bioavailability. 

Liao and others (118) successfully used bacteria that are genetically engineered to emit a 

measurable signal when in contact with bioavailable metal ions. They used a green fluorescent 

protein-based bacterial biosensor and measured cell growth and the fluorescence of cells grown 

in the medium containing a range of different metal ions. 

USEPA (44) reported that uptake of metals is more correlated to free metal activity and not 

with total metal concentration as other forms of metal may become unavailable to organisms by 

binding to dissolved organic carbon (DOC) and other ligand-complexed fractions. Thus, even 

part of the dissolved metal compounds may not be bioavailable. Campbell (53) reported that the 

biological response to a dissolved metal is usually related to the free-metal ion concentration. 

Factors affecting this are passive diffusion of neutral lipophilic species, accidental metal 

transport with low molecular weight metabolites and presence of OM. Janes and Playle (90) 

reported that DOC may decrease the free-ion concentration and thus bioavailability. It is also 

hard to assay metal bioavailability due to the ephemeral nature of environmental conditions in 

sediment; particularly at the sediment-water interface. For example, OM degradation in 

sediments by sulfate reducers increases bicarbonate concentrations, increasing concentration of 

metal-carbonate complexes, which affects metal bioavailability (44). Even when heavy metals 

form minerals, some minerals are more easily dissolved than others and changes in pH may 

affect which mineral will be formed. For example, cerrusite (PbCO3) presents higher risk of re-

mobilization due to changing environmental conditions than pyromorphite [Pb10(PO4)6(OH, F, 
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Cl)2]. Pyromorphite is much less bioavailable than cerrusite under a variety of existing 

geochemical conditions (122).  

The metal species that is present in the sediment is very important to assess metal 

bioavailability and toxicity. Thus, the following paragraphs are a summary of main metal species 

found in sediments and their most toxic forms. However, it is important to mention that these are 

the typical species found in sediments, but sediment re-suspension, increase in dissolved oxygen 

in bottom waters, wastewater discharge and other environmental changes may modify metal 

speciation and thus affect metal toxicity. Additionally, metal speciation is dependent upon 

concentration of chemicals in sediments such as Cl-, CO3
2- and S2-. 

Cd in freshwater sediments is mainly bounded to iron and manganese oxides, which are pH 

and redox sensitive and considered as relatively mobile forms. It is also substantially bounded to 

OM and sulfides (66-67). A smaller fraction can be found as the free ion. The described 

speciation is highly dependent of chemicals concentration, such as Fe, Mn, Cl and S. Cd in its 

ionic form seems to be more readily absorbed by fish (68). In marine water sediment, the fraction 

of uncomplexed Cd2+ ion decreases due to strong chloride complexation in seawater (34). Thus, 

increased salinity increases chloride complexation and reduces the proportion of free ion 

concentration, reducing metal availability and decreasing metal uptake from solution.  

Pb in sediments is mainly found bounded to iron and manganese oxides or as the free ion 

species. A smaller fraction of Pb in sediments can be found bounded to carbonates (67). Fe and 

Mn oxides are thermodynamically unstable under anoxic conditions, and thus Pb may be 

released under low redox potential, while the fraction bounded to carbonates is pH sensitive (84). 

Cr(VI) is usually not present in sediments when AVS (mostly represented by FeS) is in 

excess. Graham et al. (63) observed that in this case all Cr(VI) should be reduced to Cr(III) by 
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excess AVS and the risk of Cr exposure to organisms should be low as Cr(III) is less toxic than 

Cr(VI). Cr(III) is usually found in sediments in combination with iron or other metal oxides. This 

form has very low solubility (with the exception of acetate, hexahydrate of chloride and nitrate 

salts) and low reactivity resulting in low mobility in the environment and relatively low toxicity 

to organisms (42, 59). Cr(VI) is much more toxic than Cr(III) and usually more soluble, thus 

representing a significantly increased risk from both a dose and exposure standpoint. Cr(VI) can 

be reduced to Cr(III) in the presence of oxidizable OM, zerovalent metals, Fe2+ and sulfides (59, 

85-86). This occurs particularly in marine waters, which usually have higher sulfide 

concentrations. Typical total hydrogen sulfide concentrations in porewater from freshwater and 

marine sediments are on the order of 10-5 M and 10-2 M (72), respectively. 

Reduced redox conditions and pH greater than 7 usually favor immobilization of Ag in 

sediments decreasing percentage of Ag+, although there are other sediment characteristics that 

may affect Ag speciation more strongly, such as AVS (92). For example, in marine unpolluted 

waters, Ag speciation is dominated by inorganic chloride complexes and dissolved Ag is present 

at very low concentrations, decreasing Ag toxicity with marine organisms (93-94). 

As (III) is predominant in reduced conditions and its species have higher solubility than 

As(V) species. Under reduced conditions, As2S3 and FeAsS are dominant sinks. Jay and others 

(99) reported that in sulfidic sediments at high Fe/S ratios, As usually precipitates as AsS; and at 

low Fe/S, ratios As2S3 is usually formed. As may occur also preferentially as pyrite (FeAsS). 

Under moderately reduced conditions, As solubility is mostly controlled by dissolution of iron 

oxyhydroxides, such as goethite (α-FeOOH), lepidocrocite (γ-FeOOH) and hematite (Fe2O3). In 

reduced environments, dissolution of Fe oxyhydroxides results in release of Fe and As into the 

water. Also, oxyanionic As species may be adsorbed on surfaces of Fe and Mn oxyhydroxides, 
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which have pH-dependent surface charges. At increased alkalinity, the oxide surfaces become 

zero charged and releases As oxyanions by desorption. Arsenites (As in the oxidation state +III) 

tend to be more toxic and mobile than arsenates (As in the oxidation state +V) (95). 

Hg-S complexes are abundant in anoxic marine waters, with HgS solubility increasing with 

an increase in redox levels. However, changes in environmental conditions can remobilize Hg to 

the water column due to sulfide oxidation or CH3Hg formation through biotic and abiotic 

transformations (108). The CH3Hg species is the most toxic one and it is soluble, mobile, and 

quickly enters the aquatic food chain, where it is frequently biomagnified in top predators. 

In sediments and soil, CN may occur as HCN, alkali metal salts or as low solubility 

metallocyanide complexes (111). NaCN, KCN and Ca(CN)2 are highly soluble in water and 

rapidly dissolve to form free cyanide. Free cyanide (HCN, CN-) is the most reactive and toxic 

form, readily forming compounds with lower solubility. 

 

2.14. Technologies for Remediation of Metal Contaminated Sediments 

In the past, it was a common consideration to dump waste in the rivers and oceans, treating 

the sediments as a sink for pollutants. Nowadays, it is clear that waste disposal in the oceans and 

rivers is not an alternative. Even though contaminant sorption to the sediment OM occurs, 

sediments can act as a continual source of contamination to aquatic ecosystems and to the water 

column. Some factors that affect contaminant release from the sediments to the water column are 

natural diffusive and advective contaminant transport, gas ebullition due to OM degradation, 

storms, ships and benthic organisms revolving the sediments. 

The two most common technologies to reduce exposure to sediment contaminants are in situ 

capping using either inert or reactive barriers and dredging with subsequent disposal (5-7, 123). 

Dredging can lead to re-suspension and re-mobilization of contaminants. In addition, the large 
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amount of entrained water during dredging necessitates extensive dewatering periods, which may 

lead to release of volatile contaminants (124). Conventional capping works as a physical barrier 

to isolate the contaminated sediments from the overlying water and minimize flux. Some 

advantages of this technology compared to dredging are: reduction of worker exposure to 

contaminants during the remediation project; it is typically less expensive than dredging and it 

minimizes ecosystem disturbance (125). Although caps are frequently cited as being more 

effective from a short term risk standpoint, they do not result in contaminant removal or 

destruction and they are limited to sites where water depth limitations are not an issue. Capped 

sediment can also represent a future risk if the confinement structure is compromised due to gas 

ebullition, cap scouring or changes in environmental conditions; or by excessive contaminant 

breakthrough due to diffusion and/or advection. Conditions for an appropriate benthic organism 

habitat creation on the top of the cap may also be an important consideration, with installation of 

irregularly shaped rock islands if benthic habitat creation is desired (126) or selection of a 

capping design that discourages colonization by native deep-burrowing organisms to limit 

possibility of contaminant release due to bioturbation (127). 

 

2.15. Active Capping  

Active capping consists in the addition of layers of materials over contaminated sediments to 

promote sequestration, enhanced retardation and/or chemical or biological degradation of 

contaminants in the underlying sediment to increase efficacy. These modes of action can be 

classified as bioaugmentation (addition of benthic animals or microorganisms), biostimulation 

(addition of nutrients, electron acceptors or donors, or other agents to stimulate benthic 

organisms), contaminant sequestration (addition of granular activated carbon (GAC), apatite or 
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other agents to bind pollutants) and hydraulic sequestration (addition of water-expanding clay or 

other agents to decrease hydraulic conductivity) (10, 14-15, 128-130).  

Many biostimulation and bioaugmentation studies have been performed in groundwater 

systems for chlorinated solvent remediation, the main contaminants in groundwater (131-133) 

and for PCB and PAH remediation (134-135), but to date comparatively few have been 

performed in sediment systems. Biostimulation and bioaugmentation for metal contaminant 

degradation is not possible (136) as microbes cannot destroy metals, they can only change the 

redox state of many metals. As demonstrated in the above review, changes in oxidation state 

greatly affect metal speciation, solubility and mobility. For example, sulfate-reducing bacteria 

have been used to transform soluble and mobile U(VI) to its lower soluble form U(IV) (137). 

Microorganisms, such as sulfate-reducing bacteria, can reduce Cr(VI) to Cr(III) and As(V) 

reduction can be catalyzed by biotic and abiotic processes forming As(III), which is more toxic 

and mobile.  

Cap modifications with the ability to sequester contaminants by sorption and/or low 

hydraulic conductivity have been the most frequently mode of action applied. Active materials 

can provide over 1000 yr of isolation time for some pollutants, even under moderate porewater 

seepage  through different mechanisms (14-15). For example, apatite binds some metals into 

insoluble phases that are extremely stable by replacing Ca2+, PO4
3- and OH- ions by metal ions 

(138-139), and it can act as geosorbent for other metals with binding strength affected by 

solution pH (125, 140). Organoclay (OC) and GAC have been applied to minimize transport of 

hydrophobic compounds through different sorption mechanisms. Other advantages of active 

capping application is that active capping minimizes contaminant release to the water column 
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over a long time, allowing natural recovery processes to occur in the sediments. In addition, 

deposition of clean sediment over the cap also contributes to increase cap reliability.  

One of the difficulties in using generally high-cost active cap amendments is the need to 

ensure adequate uniform coverage to prevent localized cap failure. Several methods have been 

used to respond to this need, and many vendors now offer technical solutions. For example, a 

reactive core mat has been applied to some sites due to difficulties in placing a thin layer over 

submerged contaminated sediments (141). Mats filled with coke were placed in 2004 in the 

Anacostia River, Washington, D.C., where an overlain sand layer was also used to help sink the 

mat readily and to protect cap integrity from benthic organism activity.  

AquaBlok™ is an example of hydraulic barrier that has been applied in active capping (10). 

It is formed of bentonite clay with polymer additives covering a small aggregate core. It was also 

applied in the Anacostia River project. It was delivered by flatbed trailer in 2 ton capacity 

SuperSacks. Aquablok™ bags were placed in a material barge and a tugboat was used to move it 

beside a crane barge. The crane barge was used to construct the caps and it was secured by 

anchor cable lines attached to anchors deployed outside the capping area to avoid impacts on the 

cap being placed. A clamshell bucket was used on the crane boom to release the material above 

the water surface. A version of the Offshore Positioning Software (WINOPS) system was used to 

assist the crane operator to properly release the material envisioning consistent coverage and 

proper cap thickness. Silt curtains were used to reduce cap material migration and sediment re-

suspension downstream (142). Some other examples of active capping projects can be seen in 

Table 2.12. 
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Table 2.12. Selected capping projects installed in USA as of spring 2009 

Cap material Purpose Location 

15 cm apatite/15 cm sand; 2.5 cm 
coke reactive mat/15 cm sand; 10 cm 
AquaBlock™/15 cm sand; 30 cm 
sand 

metal and organic 
sequestration; 
permeability control 

Anacostia River, 
Washington, D. C. (10) 

60 cm–1.5 m sand/600 tons of 
organoclay/ armoring 

prevent breakthrough of 
NAPL through the cap 

McCormick and Baxter 
Creosoting Superfund Site, 
Portland, OR (11) 

30 cm sand/topsoil; 30 cm granular 
bentonite/sand/topsoil; 30 cm 
AquaBlock™/sand/topsoil 

prevent breakthrough of 
PCBs through the cap 

Grasse River, Massena, NY 
(12) 

30 - 90 cm of sand  heavy metals and PCBs 
(1st capping project, 
1984) 

Duwamish Waterway, 
Seattle, WA (143)  

120 – 600 cm of sand  prevent breakthrough of 
many contaminants 

St. Paul Waterway (Simpson 
Tacoma Kraft superfund 
site), Tacoma, WA (144) 

30 – 450 cm of sand prevent breakthrough of 
PAH and Hg  

East Eagle Harbor (Wyckoff, 
superfund site), WA (144-

145) 
90 – 180 cm of clean sand and 120 – 
210 cm of armor stone 

prevent breakthrough of 
PCBs 

Lower Fox River and Green 
Bay superfund site, WI (146) 

clay cap, 60 cm of limestone, 720 cm 
of clean soil 

prevent breakthrough of 
Cd, Ni, Co and Zn 

Marathon Battery superfund 
site, East Foundry, Cove 
Marsh, Cold Spring, NY 
(147) 

geotextile/360 cm of sand and 
cement-stabilized cap  

prevent breakthrough of 
PAHs, 
pentachorophenol, Cu, 
Cr, As 

Koppers superfund site, 
Charleston, SC (148) 

15 cm sand/activated carbon mat 
(total thickness of 11 mm and 2 kg m-

2 activated carbon loading)/75 cm 
sand 

prevent breakthrough of 
PAH 

Stryker Bay, St. Louis 
River/Interlake/ Duluth Tar 
superfund site, Duluth, MN 
(13) 

 

2.16. Apatite for Remediation of Metal Contaminated Sediment Remediation 

Apatite Ca5(PO4)3(OH, F, Cl) is found in mineral form, in teeth, and also bones. The 

chemical form Ca5(PO4)3OH is called hydroxyapatite, Ca5(PO4)3F is known as fluorapatite and 

Ca5(PO4)3Cl as chlorapatite. Apatite has two modes of action: it binds some metals into insoluble 
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phases that are extremely stable by replacing Ca2+, PO4
3- and OH- ions by metal ions (138-139) 

and it can act as geosorbent for other metals with binding strength affected by solution pH (125, 

140). Ca is usually replaced by Sr, Ba, Cd or Pb; P may be replaced by As, Mn or Cr; and OH, F, 

Cl can be replaced by Br. Some examples are chloropyromorphite (CPM) (Pb5(PO4)3Cl) and 

hydroypyromorphite (Pb5(PO4)3OH), with dissolution of the more soluble mineral Ca5(PO4)3OH 

supplying the compounds necessary for formation and precipitation of pyromorphites (Pb-

apatite), which are mostly insoluble. 

The mechanisms for metal immobilization by apatite include: 1) isomorphous substitutions 

and diffusion, which are more likely to occur for cations with ionic radii close to that of Ca2+, as 

well as for cations with high electronegativity like Cd2+ and Pb2+, while Ba2+ and Mg2+ are only 

sparingly removed due to their larger radii and low electronegativity; 2) adsorption, which likely 

occurs at the surface of apatite via the formation of inner sphere complexes; 3) formation of 

insoluble compounds via dissolution–precipitation processes (149).  

According to Crannel et al. (138), apatite has the potential to be a more reliable cap for 

metals than one utilizing clays or clay-like materials due to possible metal dissociation from clay 

layers with change in porewater ionic strength. Metals immobilized in apatite caps are 

geochemically stable over a broad range of pH and redox conditions. The authors showed that 

apatite reduced Pb diffusivity by 67%, Zn by 50%, but Cu diffusivity remained unchanged. 

Bostick et al. (150) concluded that biogenic apatite has the potential to successfully retard 

migration of U, Pb, Cd, Cu and Hg, but was less effective for As, Se, Ba and Cr. 

Kaplan and Knox (125) concluded that apatite significantly (p≤0.05) reduced Cd, Co, Hg, 

Pb and U porewater concentrations. However, it enhanced desorption of As, Se and Th. 

According to the authors, As and Se were not released directly from the mineral or from the 
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DOM; they result from phosphate competition for sorption sites. The porewater concentration 

increased only under oxidized conditions and probably due to the increase in desorbed organic C 

under oxidized conditions. The researchers concluded that the DOC did not originate from 

apatite, but it desorbed from the sediment probably as a result of pH increase, which resulted in a 

more ionic OM, reducing its hydrophobicity and promoting its repulsion from the sediment 

negative charge. Additionally, aqueous phosphate may have competitively exchanged anionic 

OM from mineral sorption sites. Others have found that adding zero-valent iron particles with 

apatite reduced enhanced desorption of As, Se and Th (151). Some possible mechanisms include: 

(1) dissolved Fe(0) may have converted the phosphate into a complex that would not desorb OM 

and thus would not exchange with the sorbed As and Se; (2) spontaneously adsorption and co-

precipitation of As(III) may have occurred with Fe(II) and Fe(III) oxides/hydroxides, which 

formed during Fe(0) oxidation; (3) Fe(0) may have donated electrons for sulfate reducers to 

transform sulfate in hydrogen sulfide, where the H was replaced by a metal, and the metal sulfide 

precipitated (Ksp=10-24 – 10-53). As FeS has a higher Ksp than heavy metal sulfides, Fe2+ do not 

outcompete with precipitation of heavy metals. 

In a column study investigating metal transport through hydroxyapatite, zeolite, OC and 

OC/anthracite blend columns, Alther et al. (152) observed that hydroxyapatite was the only 

sorbent to retain its sorption capacity in hard water. Matusik et al. (153) observed that Cd 

removal by different forms of phosphates is highly affected by pH. Highly insoluble and 

thermodynamically stable Cd products formed for different forms of phosphate for pH 6.8 to 9. 

However at pH smaller than 5, Cd reduction was less effective, and varied from 28 to less than 

80%, according to phosphate form used.  
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Lang and Kaupenjohann (154)  discussed the effects of pH and OM content on heavy metal 

mobility. Lead-phosphate minerals have very low solubility product, with CPM Ksp varying from 

10-84 (155) to 10-167 (156). Experiments performed by the researchers showed that CPM mass 

precipitated is not affected by presence of OM at pH 5 – 7. However, at pH 3 – 4, OM presence 

strongly inhibited CPM precipitation and OM presence under all pH ranges affected particle size, 

suggesting that OM blocked the surfaces of crystal seeds and impaired crystal growth, thus 

favoring the formation of mobile colloids (diameter of 0.001 to 1 µm). Pb may not only be 

adsorbed to colloids, which facilitate metal transport due to their mobility and comparable large 

surface area, but may also form colloids itself. 

Scheckel and Ryan (157) argue that the use of selective sequential extraction procedures and 

scanning electron microscopy coupled with energy dispersive X-ray spectroscopy may lead to 

erroneous speciation results. The authors suggest the use of statistical analysis by linear 

combination fitting applied to X-ray absorption fine structure spectroscopy (XAFS) to generate 

more reliable results. Their technique was used to assess Pb speciation in soils amended with P. 

The non-amended control soil Pb speciation results included 0% of pyromorphite, 53% of Pb-

sulfur species, 45% of adsorbed Pb and 2% of Pb-carbonate species. Amended soils with P 

resulted in increased pyromorphite concentration (up to 45%) with increased P concentrations. 

As pyromorphite has much lower solubility than the other Pb-compounds, P addition clearly 

increased Pb immobilization, at least around neutral pH (the experiment was performed with pH 

varying from 6.9 to 7.2). 

Some studies have also tested phytate (a natural organophosphorus compound) for metal 

contaminant immobilization, which removes contaminants through the same mechanism as 

apatite (50, 158). Phytate can be used in a soluble form and thus immobilize metals throughout 
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the sediment layer. Efficiency limitations include applied phytate form, adequate concentration 

and its capacity to sorb to hydrous oxides, limiting its capacity to reach the contaminant zone of 

interest. For example, Ca-phytate precipitate was able to decrease the solubility of U (by 96%), 

Ni (by 83%), Al, Ba, Co, Mn and Zn. As and Se solubilities increased, suggesting that phytate 

increased competition for sorption sites, releasing sorbed oxyanion contaminants. Dodeca 

sodium-phytate actually increased solubility of many metals at high concentrations, showing that 

adequate concentrations need to be investigated for application of this chemical (158). 

A modeling study of the Anacostia River by Roberts (159) investigated the ability of apatite, 

sand, Aquablok™ and coke breeze to minimize the release of PAH contaminants from sediments 

to the water column . It showed that an apatite cap layer of 15 cm has little efficiency to retard 

PAH migration from sediments to the water column. Whenever a site is contaminated with both 

heavy metal and organic contaminants, apatite may not be the best option. The author observed 

that Aquablok™ (15 cm) and coke breeze (15 cm) were the most effective caps between the 

studied cap materials. Time for phenanthrene breakthrough for the apatite and sand cap layers 

was around 60 d. In another study testing three different kinds of apatite, time for phenanthrene 

and benzo[a]pyrene to break through a 2.5 cm apatite cap varied from 6 to 47 yrs and 574 to 

5800 yrs, respectively, considering only diffusion (50). 

2.17. Organoclay for Metal Contaminated Sediment Remediation 

OC has been used to minimize non-polar contaminant transport, such as oil, chlorinated 

hydrocarbons and PAHs (160-161). For example, Knox et al. (50) simulated the time required 

for some PAHs to breakthrough a 2.5 cm layer of a variety of active capping materials and they 

found that two types of OC were the most sorptive materials for the PAHs tested. Time for 

phenanthrene, pyrene and benzo[a]pyrene breakthrough a 2.5 cm OC was higher than 600 yr for 

those two OC tested for diffusion only. However, the type of organoclay selected is very 
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important as they also observed a time as low as 5 yr for phenanthrene breakthrough for a 

different tested organoclay. One other study suggested that long-chain OCs are probably superior 

to short-chain ones for sorption of highly hydrophobic compounds, while short-chain OCs may 

be better sorbents for slightly hydrophobic non-ionic organic materials (162). Particle diameter 

and thus surface area and hydraulic conductivity are important parameters when evaluating OC 

efficiency (15, 163). The degree of clay modification (affecting its cation exchange capacity - 

CEC) and organic carbon content of the OC strongly affect its adsorption capacity (163-164).  

Several studies provide clear data demonstrating the ability of OC to minimize metal 

contaminant transport (15, 50), as clay can be modified to increase its efficiency to remove metal 

contaminants. A key parameter indicating the ability of clay to remove contaminants through ion 

exchange is the CEC. Ions, such as Na and Ca, can be exchanged for cations like Pb, Hg and Cd 

(85). Clay is made up of layered silicates of very fine particle size. The clay structure allows 

isomorphous substitution in the lattice by smaller and/or lower valent ions. For example, sites 

normally occupied by Al3+ can be substituted by Cr3+. Therefore, ion exchange may result in 

immobilizing the metal. Depending on the clay layer structure, the clay may be more prone to 

swell and thus the interlayer cation can undergo exchange with cations from external solutions. 

The smectite group is a particularly promising group to use in metal and organic sequestration. 

Clay minerals that have properties mainly governed by smectites are known as bentonites, where 

the montmorillonite smectite sub-group is the major constituent. This kind of clay usually 

presents the highest CEC. Additionally, this kind of clay facilitates insertion of large cationic 

species into the lattice (e.g. quaternary ammonium cations), which act as pillars, propping apart 

the clay layers and creating a micropore system increasing its surface area (165). Adsorption also 

contributes to immobilization of the metal. Adsorption usually results in rapid removal of the 
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adsorbate followed by a much slower uptake until the equilibrium is reached (166). The 

modification of this clay group is very often applied envisioning to improve adsorption.  

Care should be taken with clay modification. When clay is modified to increase its capacity 

to adsorb a certain group of contaminants, undesired environmental impact may occur, including 

changes in pH and potential leaching of organo-modifiers to the water. For example, an OC with 

high efficiency to adsorb metals when left in contact for one week with a metal solution prepared 

with de-ionized water increased the solution pH from 3 to 12 (samples were prepared with 200 

mg of sorbent and 15 ml of metal solution) . However, this behavior is likely not representative 

of the behavior of this OC in the field. For example, when the same experiment was repeated 

with a metal solution prepared with salt water, the pH only changed from 7.2 to 7.6 (50). Further, 

the liquid to solid ratio was not representative of the ratio found in a thin-layer amendment. 

Finally, the deionized water used in the study is clearly not representative of in situ porewater, 

which would present greater buffering capacity than the tested de-ionized water solution. Despite 

these concerns, it is important to perform experiments with amendments to check if they would 

not cause substantial changes in pH, which could affect metal speciation and other un-desirable 

effects.  

Kaufhold et al. (167) tested 38 bentonite suspensions with respect to the pH of 2% w/w 

suspensions with de-ionized water and they observed changes in pH from 6 to a maximum of 10 

depending on the sample. The authors mentioned this behavior was only observed if excess salts 

were removed from the system. They concluded that the pH of the samples was influenced by 

calcite dissolution, with calcite providing substantial alkalinity, and by Na+, with pH increase 

caused by increasing exchangeable Na+. Hydrolysis of montmorillonite (Na+ exchanged for H+ 
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of water) helps to explain the results. Ca2+- and Na+-bentonites behaved differently, with Ca2+-

bentonites showing less increase in pH.  

Gupta and Bhattacharyya (168) obtained the CEC for kaolinite and montmorillonite as 13 

and 153 meq/100g, respectively. The authors observed that montmorillonite adsorbs much more 

Cd(II), Pb(II) and Ni(II) than kaolinite. Another important conclusion was the increase in 

adsorption for those metals with pH increase (until the metal ions precipitated out as metal 

hydroxides). The authors explained this finding mainly as a result of competition between the 

metal ions and H3O
+ ions for adsorption on clay surface. At lower pH, there is much more H3O

+ 

ions than metal ions and the clay surface is mostly covered with H3O
+ ions. They also observed a 

decrease in amount of metal ion adsorbed per unit mass of clay with high clay loading, which is 

probably due to particle aggregation, decreasing the total surface area, and due to reduction of 

adsorption sites per unit mass of adsorbent. At high metal ion loading, the increase of metal ions 

adsorbed per unit mass of clay increased in the experiment with the increase of metal ion 

concentration in the adsorbate solution limited by adsorption sites and competition for them 

(168). OCs also perform very well for non-aqueous phase liquids (NAPLs); low permeability 

may be one of the factors that enhances its performance (169). 

Knox et al. (50) observed that one of the OC they tested or a mixture of the same OC mixed 

with one of the rock phosphates they tested (among three types of OCs, two types of rock 

phosphates, biological apatite, calcium phytate, two types of zeolite and a biopolymer) would be 

the most suitable treatment for a wide range of metal contaminants. Quantifying how strongly 

these metals may bind to active materials is also very important to guarantee they will not be 

remobilized and released back to the water. In the same study, they observed Cr, Cu, Pb and Zn 

were highly retained to all the amendments tested, with one of the tested OC, the biopolymer and 
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the mixture of OC and rock phosphate presenting the best performances. Arsenic was retained by 

more than 50% for only one of the OCs tested. Clearly there are substantial differences in 

performance between OCs. For example, Kd values varied from 1 to 33,864 for As and from 440 

to 207,270 mL g-1 depending on the OC type used in the experiment. The authors did not find 

such wide variation for different types of apatite, with the highest variation for Cr (172 - 19,278 

ml g-1) and the lowest for Zn (1,784 - 2,157 ml g-1). 

 

2.18. Activated Carbon (AC) for Metal Contaminated Sediment Remediation 

AC may be found in a wide range of particle sizes (from <325 mesh (45 µm) to 4x6 mesh 

(4.75-3.35 mm), pore size distribution and internal micro-porosity structure. The American 

Society for Testing and Materials (ASTM D5158) classifies powdered activated carbon as AC in 

particle sizes predominantly smaller than an 80 mesh sieve (0.177 mm) (170) while GAC is 

defined as a minimum of 90 % of the sample weight being retained on a 80 mesh sieve (171). 

Activation modifies the pore structure, forming mesopores and micropores yielding surface areas 

ranging from 500 to 2000 m2 g-1 
(172-174).  

AC can be produced from a variety of raw materials. Norit Americas, Atlanta, GA, produces 

a GAC by steam activation of lignite coal and washes it with acid. They also produce a GAC by 

a phosphoric acid process of coal. Wilson et al. (174) used peanut shells to produce activated 

carbon. They milled peanut shells to a 10x20 mesh (2.0-0.85mm) US sieve particle size, mixed it 

with molasses and placed the mixture under 5,000 psi for 30 min. The resultant block was placed 

in a furnace at 800° C for 2 hr with N2 flowing into the sealed retort. Water was also pumped 

into the gas flow line. After the block was cooled overnight under N2, it was crushed and placed 

back into the furnace (300° C for 4hr under compressed air). Once cooled again, the crushed 

material was washed with HCl to remove surface ash and then washed with distilled water and 
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dried at 110° C overnight. The authors indicated that changing the steam activation time makes 

possible to increase adsorption capacity. AC thus can be produced by crushing a high-carbon 

material, such as coal, wood and coconut shells, and then roasting it to make charcoal. When a 

second roasting is performed in the presence of steam, a highly porous material is produced, 

providing AC high surface area. In general, larger surface area results in more sites available for 

contaminant sorption (175). The sorption mechanism that usually occurs for hydrophobic organic 

contaminants is sorption into the inner surface of pores. However, the mechanism for metals is 

more complex as ionic charges affect removal of the metal from solution (172). 

AC can be modified to better remove different kinds of contaminants with presence of 

different surface functional groups (176). For example, Ahn et al. (177) modified an AC with 

anionic surfactants to increase its capacity to adsorb cations. The researchers observed AC can 

remove metal contaminants predominantly due to surface complex formation between the 

species and the surface functional groups by electrostatic attraction of metal ions to mainly 

surface oxygen-containing functional groups such as carbonyl groups. This functional group 

seems to be the main responsible for metal adsorption as alkaline-earth metal cations can be 

integrated with these groups to form complexes. In general modification by acidic treatment 

enhances chelation with metals while basic treatment enhances uptake of organics (172, 176). 

Additionally, pretreatment of carbon with Cu(II), for example, has been proven to enhance As 

removal by formation of insoluble metal arsenates with the Cu impregnated in the carbon and 

also by As adsorbed into carbon independently (178). 

Several studies have shown that GAC, coke and/or OCs can sequester hydrophobic organic 

compounds (HOC), retarding transport through the cap layer and potentially decreasing HOC 

bioavailability (14, 164, 179-180). According to McDonough et al. (181), AC has a high PCB 
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adsorption capacity. The authors also emphasized the AC properties are an important factor 

affecting its performance and further research should be done to enhance PCB adsorption. 

Murphy et al. (14) reported that a thin layer of GAC can provide 1000 yr of isolation time for 

2,4,5-polychlorinated biphenyl, even under moderate porewater seepage, while coke provides a 

few decades. According to the authors, the groundwater seepage substantially affects cap 

performance and thus site specific characteristics are very important to correctly predict cap 

performance. Coke has a poor performance as a sorbent when compared to other sorbents, which 

may be due to low specific surface area and slow kinetics of contaminants into the coke particles 

(182-183). Experiments have shown that its sorptive capacity is similar to moderate organic 

carbon sediments (14, 139). Zimmerman et al. (182) observed 77% and 83% reduction of PCB 

and PAH uptake by semi-permeable membrane devices for sediment treated with 3.4 % wt AC. 

Millward et al. (183) observed that after one month of sediment contact with AC, PCB 

bioaccumulation in a polychaete (class of annelid worms) was reduced by 82% (and by 87% 

after 6 months of contact). 

Even though GAC is known for its efficiency as sorbent for organic contaminants, there are 

relatively few studies analyzing its efficiency for remediation of metal contaminated sediments. 

This is important because typically organic contaminated sediments are also co-contaminated 

with metals, and the efficacy of GAC for metals should be investigated. There are some studies 

applying AC for metal contaminant removal from water and wastewater. Researchers tested AC 

(particle size 250 – 500 µm) prepared from coirpith (an agricultural solid waste, which 

constitutes as much as 70% of the coconut husk) for Cd(II) and Hg(II) adsorption. The 

adsorption capacity was 93.4 mg Cd(II) g-1 and 154 mg Hg(II) g-1 at pH 5. The tested AC had a 

Cd(II) removal of 98 and 85% for Cd(II) concentrations of 20 and 40 mg L-1 at pH 4. They 
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observed that efficiency of Cd(II) removal decreased with Cd(II) concentration increase due to 

adsorption involving first higher energy sites. Once those become saturated adsorption occurs on 

lower energy sites (184-185). AC from coconut and palm shells was modified and considered 

efficient to remove Cd and Pb from a solution containing 20 mg L-1 of each metal. Efficiency of 

removal was above 99.5% (186) Aggarwal et al. (187) modified AC with nitric acid, ammonium 

persulfate, hydrogen peroxide and oxygen gas. They observed that the presence of acidic carbon-

oxygen surface groups enhanced the adsorption of Cr(III) cations and decreased Cr(VI) 

adsorption. Elimination of these groups resulted in the opposite behavior. Studies showing AC 

efficiency for metal removal from sediments are needed, but clearly the kind of AC applied is 

key to enhance metal contaminant removal. 

It is also important to consider that very fine particle materials, such as powdered activated 

carbon (PAC), with a typical diameter of 75-300 µm, should be applied in core mats due to the 

PAC low bulk density and ease of re-suspension and transport. These kind of materials can 

become an environmental concern as they could be transported long distances carrying with 

them a high amount of contaminants that will be sorbed on them (188). Sorbent-filled geotextiles 

can be used to place these sorbents as sediment caps (141). 

2.19. Hydraulic Barriers for Metal Contaminated Sediment Remediation 

Low hydraulic conductivity seems to considerably contribute to active capping material 

performance due to minimization of contaminant mobility for sites with advection (15). In the 

absence of advection (i.e. sites with diffusion only), these types of barriers have no additional 

benefit. Clays usually present high binding capacity to organic contaminants, however their high 

degree of cohesiveness and low aqueous permeability are characteristics that contribute to their 

capacity to immobilize a variety of contaminants under advection, and minimize bioturbation 

and erosion impact in the material as well.  
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AquaBlok™ is an example of hydraulic barrier that has been applied in active capping (10). 

It is formed of bentonite clay with polymer additives covering a small aggregate core. The 

polymer is used to promote adhesion between the clay and the aggregate core. It can be modified 

with reagents to enhance its contaminant sequestration capacity or it can incorporate plant seeds 

to promote vegetation habitat establishment (142). The hydrated material has a very low 

hydraulic conductivity (on the order of 10-9 cm s-1), and thus upon swelling it forms a continuous 

hydraulic barrier, reducing contaminant breakthrough to the water column.  

A potential major drawback in using cap materials with very low hydraulic conductivity 

may be the accumulation of gas beneath the cap, resulting in cap failure with release of gas 

bubbles and contaminant transport to the water column due to gas ebullition. This effect should 

be considered in the cap design (10) and its importance has been demonstrated in the field. For 

example, inclinometers placed on the top of the ~10 cm (11.25±5.0 cm) Aquablok™ layer 

installed in the Anacostia River active capping project, Washington, D.C., indicated cap vertical 

uplift with time with rapid deflection from time to time. The outboard end of the inclinometer 

was also subjected to uplift and rapid deflection. The researchers involved in the project 

attributed this behavior to rapid releases of gases that accumulated under the cap (10).  

2.20. Sand for Metal Contaminated Sediment Remediation 

Passive capping consists of covering the contaminated sediment with a clean inert material, 

such as clean sand or sediment layer. Sand caps are efficient to minimize the release of many 

contaminants to the water column when contaminants are strongly sorbed to the sediment solid 

phase and/or diffusion is the main mechanism of transport. However, under advective transport, 

passive caps are usually not efficient (10, 15, 159). As passive capping contributes mostly as a 

physical barrier than as a chemical one, very thick caps are usually needed to minimize 

contaminant transport. Caps varying from 30 cm up to 1.5 m cm have been applied in the field 
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(11, 144, 148, 189). Additionally, gas bubbles produced in sediments with a high content of OM 

may easily open preferential paths in sand caps, frequently releasing contaminants to the water 

column. NAPL may migrate due to disturbance during capping placement and/or gas ebullition 

(169). 

In a study by Zimmerman et al. (182) performed for five months, sand was efficient to 

reduce PCB flux only by 23% compared to untreated sediment. The experiment was performed 

in 250 ml beakers filled with 20 g of wet sediment, 2g of sand or untreated sediment placed on 

top of the sediment and the beakers were filled to 200 ml with 17 ppt seawater with 1 g L-1 

sodium azide. Sand also would not be efficient to remove metal contaminants under advection 

conditions, as sorption of metals on sand is near zero (50). 

 

2.21. Other Potential Active Capping Materials for Metal Remediation 

In addition to coke and phytate that were previously discussed in this chapter, other potential 

materials that have been tested or proposed for active capping are zeolite and biopolymers. 

Natural zeolites are crystalline hydrated alumino-silicates of alkali and alkaline earth metals. 

They are able to sorb cationic contaminants due to their high CEC as well as demobilize non-

polar organic pollutants and anionic contaminants by surface modification with cationic 

surfactants. This treatment modifies only the external surface, which becomes neutral or even 

positively charged, while the internal cage and tunnel structure remains an active cation 

exchanger (190). A study from Knox et al. (50) showed that zeolites can effectively remove Cd, 

Cr, Co, Cu, Pb and Zn in freshwater; however its efficiency in salt water was smaller maybe due 

to sorption of Na+ occupying partially its internal pores. In addition, anionic metals, like Cr(VI) 

as Cr2O7
2- or as CrO4

2- or As as AsO3
3- or as AsO4

3-, would largely be unaffected by the use of 

zeolites. 
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Biopolymers are also materials that could be used in active capping as they may contain 

multiple reactive sites with potential for chemical interaction with other compounds. They can 

effectively sequester Cd, Co, Cu, Ni, Pb and Zn in fresh and salt water, although they are not 

effective for As and Se (50). Other study also pointed the capacity of naturally occurring 

polymers from seafood processing waste (such as chitin and chitosan) to bind with Cu, Cr, Cd 

and Pb (191). Chitin is the second most prevalent biopolymer on earth after cellulose and it has 

been used as an amendment for groundwater remediation as an electron donor to drive reductive 

dechlorination. Wang et al. (192) chemically modified biopolymers (lignin, chitin and cellulose) 

to increase their organic sorption capacity. Mixture of biopolymers with other cap materials 

could enhance the cap ability to remove a wide range of contaminants.  

Srivastava (193) tested hollow fiber polymeric membranes for remediation of PAH 

contaminated sediment. The membranes supplied the necessary electron acceptors controlling 

the redox potential and enhancing biodegradation and chemical binding of PAH to OM. 

Diffusion governed the transport of electron acceptors in the membrane assembly inside a 

geotextile fiber to the sediment transporting electron acceptors from the water column to the 

sediment. 

2.22. Transport of Contaminants through Cap Materials 

Physical and chemical isolation should be considered in the cap design. Transport of 

contaminants may occur through diffusion, advection and gas ebullition. Sediment composition 

and cap parameters need to be considered when estimating the contaminant flux to the water 

column by these processes. Sediment consolidation during initial placement may also account for 

contaminant transport to the water column. If substantial gas ebullition occurs at the site, it is 

necessary to adopt a system to capture and properly release the gas to the atmosphere, 
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guarantying cap integrity and minimizing ebullition-facilitated contaminant transport to the water 

column.  

Physical isolation thickness should account for bioturbation, for cap erosion and for cap 

construction technique, which affects cap consolidation and stability. An armor layer is usually 

applied on the top of a cap to protect it against erosion due to hydraulic and environmental 

forces. Additionally, if cap material is placed in bulk instead of in reactive mats, operational 

technique will affect cap thickness and this should be considered. 

Site characterization and implementation of source control prior to cap installation are 

fundamental to design the cap and to avoid cap contamination from the top to the bottom. Post-

capping monitoring should verify if erosion has been a problem in the site, if there is 

contaminant flux into the cap material and into the water surface and if re-colonization is 

occurring as specified in the design (127). 

These processes involved in the chemical and physical isolation of contaminated sediments 

are described in more detail below. 

 

2.22.1. Pre and Post-Capping Monitoring 

Pre and post-capping monitoring is very important to assess cap efficiency. Pre-capping 

monitoring is necessary to correctly design the cap, to assess cap viability and to help evaluate 

capping efficiency after the cap is placed. It is necessary to know which contaminants are present 

and their concentration to correctly choose the cap material and its thickness. OM content and 

gas ebullition rates help to decide if a gas control system should be adopted and to evaluate how 

impermeable the cap material can be. Site characterization is also necessary to evaluate the best 

cap placement method as hydrodynamic stability is important when placing a cap. Evaluation if 

there is advective flux is necessary to correctly design the cap and armoring against river flow, 



61 

 

wave action, propeller wash forces and ice scour may be necessary. Control of contaminant 

sources should be implemented as contaminated sediment deposition may lead to cap 

contamination from the top to the bottom. A guidance for in-situ capping has been elaborated by 

the USEPA (189).  

Post-capping monitoring should verify if erosion has been a problem in the site, if there is 

contaminant flux into the cap material and into the water surface, and if re-colonization is 

occurring as specified in the design (127). If levels of contaminants above-cap increase, care 

should be taken to evaluate if this was due to new contaminated sediment deposited on the top of 

the cap. However, continuous deposition of clean sediment above the cap is a good finding as it 

contributes to natural recovery and to contaminant isolation from the water column. Cap 

maintenance should be performed to guarantee long-term integrity of the cap. 

In the Anacostia River project, the cap was placed by conventional clamshell controlled 

from the crane barge through the Offshore Positioning Software (WinOPS) system that tracked 

each bucket placed. Monitoring after cap placement through more than 50 cores allowed 

calculation of average and standard deviation of actual cap thickness implemented in the field 

(Table 2.13).  

 

Table 2.13. Target and observed cap thickness
a 

Cap Target thickness (cm) Observed thickness ± σ (cm) 

Sand 30 (22.3±8.0) 
Aquablok™ / sand 10 / 15 (11.3±5.0) / (13.3±4.5) 
Apatite / sand 15 / 15 (12.3±3.0) / (11.3±3.0) 
Coke / sand 2.5 / 15 2.5 (mat) / - 
 a Source: (10)   

 

Long-term active capping monitoring data is not available yet as this is a relatively recent 

developed technology. However, modeling studies have been performed demonstrating long-
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term active capping efficacy to minimize the release of a wide range of contaminants to the water 

column (14-15, 159). 

 

2.22.2. Molecular Diffusion  

Diffusion occurs due to differences in concentration of a compound in space through the cap 

material to the water column. The diffusive transport rate may increase or decrease depending on 

the molecular weight and structure of the compound. In general, the smaller the molecular 

weight and more compact its molecular dimensions, the faster its rate of diffusion. Diffusion 

happens through random motions of dissolved molecules, ions, or suspended particles of the 

containing phase and through thermal kinetic energy of the solute in response to concentration 

gradients as most successfully described in a mechanistic theory by Fick (47). Fick’s first law 

relates the diffusion mass flux Jdiff to the concentration gradient. In one spatial dimension x: 

:,�.. = −;<

<= 

(2.17) 

Where D is the diffusion coefficient [L2T-1]. 

Fick’s second law is the mass conservation equation for a fluid phase and states how 

diffusion causes the concentration C to change with time t. In one spatial dimension x: 
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Eq. 2.18 can be solved considering a system where mass is introduced in a uniform vertical 

sediment column maintaining a constant concentration at x=0 and diffusion occurring with time t 

into the domain x>0 under initial and boundary conditions given by c(x,0)=c(∞,t)=0, c(0,t)=C0 

(194): 
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Where Dobs is the observed diffusion coefficient. Dobs is calculated considering the effective 

diffusion coefficient Deff  and the contaminant retardation factor (R), which represents how much 

slower the chemical species migrates in comparison to water. Most chemicals move slower than 

water because of sorption mechanisms on the soil/sediment matrix: 

;��& = ;>..?  
(2.20) 

The effective diffusion coefficient Deff is smaller than the molecular diffusion coefficient 

Dmol because the chemical species moves along a tortuous path through the pore space. Thus, 

Dmol should be corrected for tortuosity τ, which is related to the effective porosity ϕe (unitless). 

While porosity is the total volume of voids per bulk volume, the ϕe is calculated by the relation 

of the total volume of voids that can become filled with water (or other fluids) able to migrate 

under an induced hydraulic gradient per bulk volume. Hence, the ϕe considers only the water in 

interconnected pore space that is able to migrate at an appreciable rate because some of the water 

might be isolated, adsorbed or held in “dead-end” pores (194). 

;>.. = ;@�A ∗ 	 τ	, Dℎ�6�	τ	 = 	F> 	�/� (2.21) 

The factor R is related to the contaminant partitioning coefficient Kd [L3 M-1], dry bulk 

density ρ [M L-3] and ϕe by the following relation (eq. 2.18) (194): 

? = 1 + +,
ρ

F> (2.22) 

Substituting equations 2.20, 2.21 and 2.22 in equation 2.19, we obtain: 
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2.22.3. Advection and Groundwater Flow 

Advection occurs through bulk water phase mass transport in response to a gradient in total 

head with the chemical being carried along with the bulk fluid movement (47). For one spatial 

dimension flow, the general formulation below can be used: (194) 

<

<2 + H <


<= = ; <�

<=�  

(2.24) 

Where: v is the porewater chemical velocity and D is the combined mechanical dispersion 

and diffusion coefficient. Site characteristics, such as hydraulic gradient dh/dx [L L-1] and 

hydraulic conductivity kh [L T-1], are important parameters affecting the porewater chemical 

velocity ν, which is corrected to R (eq 2.22). 

H = +I 5I5J?F>  

(2.25) 

Considering a system where mass is introduced in a uniform vertical sediment column with 

inlet boundary condition c(0,t)=C0 (194): 
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Substituting equations 2.20, 2.21 and 2.22 in equation 2.26, we obtain: 
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2.22.4. Gas Ebullition 

Gas ebullition due to methanogenic and, potentially, denitrifying activity in sediments is one 

of the critical processes in sediments because bubbles are hydrophobic and tend to accumulate 

hydrophobic contaminants and colloids on their surface. This may possibly result in larger 

contaminant fluxes to the overlying water column than would occur due to even high porewater 

velocity advective flow. Gas bubble migration may not only release contaminants to the water 

column and atmosphere (195), but may also cause cap damage and even rupture the cap, 

particularly in unconsolidated surface layers (196), providing additional pathways for 

contaminant release.  

Methane and carbon dioxide are end products of the degradation of OM under methanogenic 

conditions. In the complex process of OM degradation, fermenters degrade the more complex 

OM producing monosaccharides, fatty acids/alcohols and hydrogen. Syntrophic bacteria 

consume those fatty acids and alcohols producing acetate, carbon dioxide and hydrogen that may 

be consumed by homoacetogens to produce acetate, and also by hydrogenotrophic methanogens 

to produce methane. Homoacetogens degrade monosaccharides producing acetate, which can 

then be converted to methane and carbon dioxide by acetoclastic methanogens (Figure 2.7) 

(197). 
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Figure 2.7. Organic matter degradation under methanogenic conditions. 

 

The microbial community structure (and thus the volume and type of gas produced) is 

strongly affected by temperature changes. Hydrogenotrophic methanogens are stimulated by 

increased temperature to a greater extent than are acetoclastic methanogens (198). 

Hydrogenotrophs produce only methane, consuming carbon dioxide and hydrogen, while 

acetoclasts produce methane and carbon dioxide as shown in equations 2.28 and 2.29. 
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Hydrogenotrophic methanogenesis 

OHCHHCO 2422 24 +→+           ∆G0 = -131 kJ/mol (2.28) 

Acetoclastic methanogenesis  

243 COCHHCOOCH +→+ +−      ∆G0 = -76 kJ/mol (2.29) 

Widely varying gas production fluxes have been reported in the field. Tanner et al.(199) 

observed methane fluxes varying from 0.07 to 0.67 L m-2 d-1 for a wetlands used to treat 

wastewater. Sovik et al.(200) measured gas production in ten constructed wetlands with fluxes of 

methane and carbon dioxide up to 53 and 47 L m-2 d-1, respectively. Ostrovski et al.(201) 

reported a flux of 0.23 L m-2 d-1 from hypolimnetic sediments,(201) and Hughes et al.(202) 

observed gas production fluxes of 2.7 L m-2 d-1 on a laboratory study with sediment from the 

Anacostia River, Washington, DC.  

Knowing the composition of gas produced is also important as three of the most important 

greenhouse gases worldwide may be produced through methanogenic and denitrification activity. 

Carbon dioxide and methane are the common products of methanogenic degradation, but N2O 

can also be produced as an intermediate of the denitrification process. Stadmark and Leonardson 

(203) have shown that seasonal variation in the emission of greenhouse gases occur due to 

changing temperature and to varying composition and bioavailability of organic bacterial 

substrates in aquatic sediments. Huttunen et al. (204) observed bubble gas content of CH4 and 

CO2 equal to 48-67% and 0.01-1.1%, respectively, while Casper et al. (205) observed mean gas 

content of CH4, CO2 and N2 equal to 66, 3 and 36%, respectively. Both studies were performed 

in situ with lake sediment.  

Gas ebullition-facilitated transport of contaminants in caps has yet to be fully investigated. It 

is known that methanogenic OM degradation facilitates contaminant transport through caps and 
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gas accumulation may cause cap damage (195), but studies quantifying ebullition-facilitated 

transport of contaminants to the water column and research on methods to properly collect gas in 

the field to protect cap are scarce. 

Yuan et al. (3) found that significant amounts of both solid particulate matter and 

contaminant can be transported from the sediment to the water column by gas movement. The 

authors observed that the amount of contaminant and solid particulate transported is related to 

the volume of gas released. Hulls and Costello (206) observed in their bench tests with sediment 

from Stryker Bay, Duluth Minnesota, that PAH are transported to the water column due to 

groundwater advection and gas ebullition. The authors concluded that a sand cap can be effective 

to minimize contaminant release and to prevent gas from forming due to sediment insulation. 

Fendinger et al. (20) noted that sediment contaminant transport may be a function of gas 

ebullition rates, Henry’s law constant and porewater contaminant concentration. According to 

the researchers, organic contaminant partitioning occurs mainly between sediment gas and 

porewater, which is determined by gas/water partition coefficients of each compound in the 

sediment porewater. The process of organic contaminant partition between sediment solid 

material and gas bubbles is probably negligible due to the high liquid water content of many 

sediments. 

 

2.22.5. Bioturbation 

Bioturbation is related to the disturbance and mixing of sediment particles or porewater due 

to processes associated with benthic animals. Movement of contaminants due to benthic animals 

occurs by ingestion of contaminants at depth and defecation at the surface, by irrigation of 

burrows, by increasing the surface area of sediments exposed to the water, etc. (207) 
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Active sediment and cap mixing by benthic organisms due to biological activity usually 

occurs in the top 5 – 10 cm layer, but can occur at depths reaching 1 m by benthic animals such 

as ghost shrimp (123). Thus a key design parameter is the cap thickness necessary for preventing 

bioturbation effects as benthic organisms may redistribute pollutants by bringing sediment 

contaminants from beneath the cap to the surface (7, 208). 

The mix of the top contaminant layer by benthic organisms, such as tube-dwelling 

amphipods and polychaetes, results in higher contaminant release than diffusion through the 

porewater (209) as it may cause sediment particle re-suspension and change metal speciation 

through actively irrigating the sediments with oxygen-rich overlying water. Over long re-

suspension periods, AVS decreases mostly due to oxidation of iron monosulfides and a 

significant fraction of metal sulfides may become bioavailable (210). 

Reible and others have developed a model of contaminant migration by bioturbation (211). 

Bioturbation-facilitated contaminant transport from sediment is rapid due to bioturbation of 

particle-bound contaminants through the upper 10 cm of the sediment bed to the interface and 

rapid chemical desorption at the sediment-water interface followed by contaminant transport 

through the benthic boundary to the water column (212). Thus, the chemical migration rate 

within the bioturbation zone is usually much faster. 

Factors affecting depth of bioturbation (Lbio, cm) are capping material, cap compaction, and 

type, size and density of organisms populating the cap. Due to difficulties to correctly estimate 

these factors, a conservative depth equal to the deepest penetrating organism present in the site is 

chosen. Lbio affects the bioturbation mass transfer coefficient Kbio (cm d-1) by the following 

relation: 
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+��� = 5;���?K���  
(2.30) 

 

Where d is the desorption efficiency of contaminant from sediment particles (unitless); Dbio 

is the biodiffusion coefficient (cm2 d-1) and R is the retardation factor. Biodiffusion is related to 

the diffusion of materials through the sediment column due to biological activity According to 

Reible (213), general values for Lbio can be set as 10 cm and Dbio as 10 cm2 yr-1. However, 

Palermo and others (207) suggested that 30 cm should be adopted as Lbio due to different stages 

of cap colonization: early colonizers are represented mainly by small-bodied polychaetes and 

mollusks, mixing mostly surficial sediments, while later colonizers (after several months or 1-2 

years) are represented by deeper penetrating organisms, reaching depths around 30 cm. Dbio 

values varying from 23 to 50 cm2 d-1 were suggested by Wheatcroft and Martin (214) in the 

upper 10 cm of Palos Verdes Shelf sediment, with exponentially decreasing Dbio values below 10 

cm. 

Kbio should be accounted for when estimating the overall mass transfer coefficient and thus 

to estimate the overall cap thickness. However, for simplification purposes, a cap thickness is 

usually added to the chemical isolation thickness to account for the depth of bioturbation and 

thus this thickness is assumed to pose no resistance to mass transfer between the sediment layer 

and the water phase. In this case, Kbio would be considered negligible (213) when calculating the 

cap thickness to account for contaminant flux to the overlying water. Table 2.14 shows a 

summary of recommended cap thickness to account for the cap bioturbation component.  
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Table 2.14. Recommended cap thickness for the bioturbation component of cap thickness
a
 

Environment Cap 

material 

Lbio for surficial zone 

of sediment mixing 

(cm) 

Lbio for mid-depth 

zone of mixing 

(cm) 

Total bioturbation 

thickness (cm) 

Coastal/marine sand 10 10 - 35 20 - 45 
silt/clay 10 – 15 10 - 45 20 - 60 

Freshwater sand 10 10 - 20 20 - 30 
silt/clay 10 10 - 30 20 - 40 

 a Source: (215) 
 

2.22.6. Cap and Sediment Consolidation 

The cap weight generates an initial excess pore pressure in the sediments, which produces a 

transient advective flux of contaminant that substantially impacts the overall flux (216). 

Alshwabkeh et al. (216) developed a model that accounts for the effect of consolidation and 

excess pore pressure dissipation on transient nonlinear advective transport through sediment and 

the cap. There is also a module called Primary Consolidation, Secondary Compression and 

Desiccation of Dredged Fill (PSDDF) of the Automated Dredging and Disposal Alternatives 

Modeling System (ADDAMS) (217-218) that can be used to predict consolidation of the 

sediment underlying a cap, even though it was proposed for consolidation in thick deposits of 

fine-grained material.  

Soil mechanics properties will dictate the excess pore pressure dissipation and consolidation 

process. Prior to cap placement, the total compression of native in-place sediments under a 

specific load should be estimated to compute the compression caused by the volume decrease 

caused by squeezing of porewater from the sediments (6). The Terzaghi’s consolidation theory 

(219) can be used to estimate the average consolidation/settlement of the particular sediment. 

Standard methods for consolidation properties are available from ASTM (220).  

Sediment consolidation is an important parameter of contaminant flux from sediments in the 

first weeks after capping as contaminant transport is enhanced by porewater expelled from the 
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sediments. Contaminant breakthrough the cap may be accelerated up to 150 times compared to 

diffusion-only breakthrough (216). Thus, it is pertinent to state that even a site usually only 

subjected to diffusive conditions will be subjected to advection due to sediment consolidation 

during and sometime after cap placement. Moo-Young and others (218) performed experiments 

(centrifuge tests) with a fluorescent dye tracer (Rhodamine WT) to simulate the effects of 

consolidation in capped sediments and they observed that consolidation-induced advective 

transport of contaminants is an important factor affecting contaminant transport through a cap 

and they suggested contaminant flux due to sediment consolidation should be considered on cap 

design. 

Cap thickness should also account for cap consolidation. According to Horne Engineering 

Services (221), a consolidation compensation thickness of up to 4 cm should be considered to 

account for consolidation of a 20 - 30 cm cap. This value will vary according to the cap material, 

cap thickness and cap construction method. According to the technique chosen to place the cap 

material, the resulting density and rate of application of capping material should be specified and 

some thickness should be added to account for cap consolidation.  

Another relevant point is that after sediment/cap consolidation, cap and sediment will have a 

reduced porosity and permeability, which results in reduction in chemical migration rates by 

diffusion and advection (213). 

 

2.22.7. Armor layer 

An armor layer is usually applied on the top of a cap to protect the cap against erosion due to 

hydraulic and environmental forces. Scouring of the cap may occur due to high flow velocities in 

the overlying water column during discharge events, for example. Mohan et al. (6) described the 

necessity to armor against river flow, wave action, propeller wash forces and ice scour. In cold 
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areas, frazil and anchor ice may contribute to sediment cap scouring (222). The EPA Assessment 

and Remediation of Contaminated Sediments (ARCS) program developed a manual for design of 

capping armor layers (189). 

Palermo et al. (207) suggested that significant erosion occurs in a sand cap in water depths 

shallower than 40 m and that caps composed of silt and clay materials are more subjected to 

erosion. 

A simple initial analysis through maximum and mean depth of scour (Ds) calculation could 

be performed to estimate scouring potential of a sand cap as a function of cap particle size using 

the following equations (223): 

115.0
50max, 5.6 −= DDs 	 (2.31) 

115.0
50, 42.1 −= DD means 	 (2.32) 

Where D50 refers to the median diameter of the sand cap material. A water flow velocity 

varying from 1.2 to 2.3 m s-1 in 21 channels was used to obtain equations 2.31 and 2.32. 

The critical velocity for initiation of particle suspension can be calculated from Van Rijn 

(224) (Figure 2.8). This graph allows estimation of the approximate critical vertically average 

velocity value for the initiation of sediment movement (ucr) for a fixed D50 and water depth h. At 

these values, the particles will start to roll or move across the bottom in fairly regular jumps. The 

critical velocity for initiation of suspension (ucr,s), where particles will leave the turbulent bottom 

boundary layer and be brought into suspension, is also defined. If the velocities are frequently 

above ucr, then there is a potential for site erosion. There is a strong likelihood for severe erosion 

if the velocities frequently exceed ucr,s. Bottom velocities above 0.3 m s-1 are often able to initiate 

erosion and the erosion rate is very sensitive to large currents, where the bed load transport 

increases as the 4th power of the water velocity (6, 225). 
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Figure 2.8. Critical vertically averaged velocities for a plane bed (224). 

 

2.23. Modeling Theory 

For the purposes of my proposed research, I have decided to use a simplified model that 

accounts only for diffusion and advection because, although these are the most understood 

processes affecting contaminant fate in sediments, they have not been adequately investigated in 

capping systems. Thus my focus is not to evaluate bioturbation, cap consolidation and/or decay 

of contaminants; which should be focused on at a later time once sufficient understanding of the 

former is achieved. I have focused on comparing a broad range of cap materials and 

contaminants to indicate which cap works better under unified conditions for each contaminant. 

Models considering bioturbation, decay, volatilization and other processes can be found 

elsewhere (226-227), and they usually require more parameters. Even though they are probably 

more precise, they require more site specific data, requiring a narrower focus. As example of 

other models, Dueri et al. (226) developed a model (TRANSCAP-ID) to simulate migration of 
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dissolved contaminants through a sediment cap. It includes diffusion, advection, dissolution of 

the chemical species and bio-irrigation. Another model, called RECOVERY and developed by 

USACE, considers dissolved and particulate flux through a deep sediment layer, followed by a 

mixed active sediment layer (which could be a cap as well), followed by the well mixed 

vertically water column. However, it is limited to organic contaminants. The processes 

considered in the model are sorption, decay, volatilization, burial, resuspension, settling, 

bioturbation, and porewater diffusion (227).  

The variability in model parameters obtained from the literature may require the use of a 

Monte Carlo method to evaluate how sensitive model results are to uncertainty in model 

parameters. The simulation result gives the full range of possible outcomes and the likelihood, or 

probability, of each outcome to be above or below a certain value. It is obtained by repeated 

calculations (such as 50,000 times) using randomly selected parameter values for each 

calculation (228). 

Monte Carlo methods rely on computational algorithms for sampling random draws of 

variables that share the same underlying probability distribution. Monte Carlo schemes have a 

broad range of applications. They are often used when simulating physical and mathematical 

systems, generating random numbers, numerical integration, searching for solutions for complex 

optimizations and specially for generating the distributions of random variables whose closed 

form solution seems to be mathematically intractable. Because of Monte Carlo reliance on 

repeated computation and random or pseudo-random numbers, Monte Carlo methods have 

become more popular as the speed of processing increases. 

Each of the model parameters should follow a probability distribution function (PDF), which 

should reflect the range of value variation for the parameter and uncertainties related to specific 
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conditions at the site. Variability is related to heterogeneity of a well-characterized parameter. 

For example, OC may be found in different particle size ranges, which greatly affects its 

hydraulic conductivity values. Uncertainty is related with the lack of knowledge about factor and 

processes for that parameter. For example, metal Kd values are difficult to predict as site 

conditions are highly variable with time and affect metal solubility, which affects Kd. 

In the next step, random values from the PDF for each input parameter (except the derivated 

and constant parameters) are generated, resulting in a set of values varying within some defined 

range for each input variable. These values are used to derive the final density function of the 

variable of interest. 

Monte Carlo is especially useful for avoiding the daunting task of finding the analytical 

density function of final random variables constructed upon original input variables. Monte 

Carlo methods were used in chapter 3 to perform an analysis of previous research to specify the 

probability distribution of parameters such as hydraulic conductivity, porosity, density and 

distribution coefficient, which in turn were used to derive the final density of the ratio of C/Co 

(which is defined by the breakthrough porewater concentration C of contaminant at the top of the 

cap at time t by the initial concentration of contaminant in the sediment porewater Co). In 

summary, I used hydraulic conductivity, porosity, density and distribution coefficients based on 

the best available information on the distribution of such parameters. I then computed C/Co for 

each previously simulated sample based on a known relationship of those parameters and C/Co. 

The collection of final numerical values of C/Co represents the estimation of the final distribution 

of C/Co.  
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For a clarification of the general setup of our method, let Y be some variable of interest. 

Variable Y is associated with other variables LM�N�OPQ  by a known relation described by the 

function f , that is: 

R = S(MP, … , MQ,  ψ) (2.33) 

Where ψ are known fixed parameters. Previous works found in the literature provided a 

range of distribution functions for variables LM�N�OPQ , say (fXi : i = 1,…,I). Thus the numerical 

computation of the distribution of variable Y relies on the sampling of all variables LM�N�OPQ  

according to the density functions (fXi : i = 1,…,I) and application of the formula 2.33. The 

resultant histogram of computed values of Y mimics the exact density function of variable Y 

based on the distribution of its former variables X. This process avoids the calculation of the 

analytical solution of the distribution of Y, which could, in principle, be obtained by the Jacobian 

method of change of variables. It is worth noting that by increasing the number of draws, the 

distribution of Y can be obtained as precisely as wanted.  
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CHAPTER III. MODELING ACTIVE CAPPING EFFICACY FOR METAL AND 

ORGANOMETAL CONTAMINATED SEDIMENT REMEDIATION 

 

This chapter is reprinted (adapted) with permission from the American Chemical Society. 

Copyright (2008) American Chemical Society. This material may be found at: 

http://pubs.acs.org/doi/abs/10.1021/es800942t 

The following is a first-authored manuscript published in the Environmental Science and 

Technology Journal in 2008 (15). I worked on this project with the fellow student Ke Yin from 

the Environmental Engineering Laboratory of Professor Rockne at the University of Illinois at 

Chicago. The research included modeling Cd, Cr, Pb, Ag, As, Ba, Hg, CH3Hg and CN transport 

through sand, GAC, organoclay, shredded tires and apatite caps by deterministic and Monte 

Carlo methods. The University of Illinois graduate college guidelines allow the inclusion of first-

authored publications in the body of the PhD dissertation. 

 

3.1. Abstract 

Cd, Cr, Pb, Ag, As, Ba, Hg, CH3Hg and CN transport through sand, granular activated 

carbon (GAC), organoclay, shredded tires and apatite caps was modeled by deterministic and 

Monte Carlo methods. Time to 10% breakthrough, 30 and 100 yr cumulative release were 

metrics of effectiveness. Effective caps prevented above-cap concentrations from exceeding 

USEPA acute criteria at 100 yr assuming below-cap concentrations at solubility. Sand caps 

performed best under diffusion due to the greater diffusive path length. Apatite had the best 

advective performance for Cd, Cr and Pb. Organoclay performed best for Ag, As, Ba, CH3Hg 

and CN. Organoclay and apatite were equally effective for Hg. Monte Carlo analysis was used to 

determine output sensitivity. Sand was effective under diffusion for Cr within the 50% 
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confidence interval (CI), for Cd and Pb (75% CI) and for As, Hg and CH3Hg (95% CI). Under 

diffusion and advection, apatite was effective for Cd, Pb and Hg (75% CI) and organoclay for Hg 

and CH3Hg (50% CI). GAC and shredded tires performed relatively poorly. Although no single 

cap is a panacea, apatite and organoclay have the broadest range of effectiveness. Cap 

performance is most sensitive to the partitioning coefficient and hydraulic conductivity, 

indicating the importance of accurate site-specific measurement for these parameters. 

 

3.2. Introduction 

The two most commonly used technologies to reduce exposure to sediment contaminants are 

capping and dredging with subsequent disposal (5-7). Dredging can lead to re-suspension and re-

mobilization of contaminants. In addition, the large amount of entrained water during dredging 

necessitates extensive dewatering periods, which may lead to release of volatile contaminants 

(124). Conventional capping works as a physical barrier to isolate the contaminated sediments 

from the overlying water and minimize flux. Although caps are frequently cited as being more 

effective from a short term risk standpoint, they do not result in contaminant removal and they 

are limited to sites where water depth limitations are not an issue. Capped sediment can also 

represent a future risk if the confinement structure is compromised due to gas ebullition or cap 

scouring; or by excessive contaminant breakthrough due to diffusion or advection. 

A relatively new alternative termed “active capping” replaces the thick cap with a thin layer 

modified to promote contaminant sequestration, enhanced retardation and/or chemical or 

biological degradation processes to increase efficacy. We classify here modifications as 

bioaugmentation (addition of benthic animals or microorganisms), biostimulation (addition of 

nutrients, electron acceptors or donors, or other agents to stimulate benthic organisms), 

contaminant sequestration (addition of granular activated carbon (GAC), apatite or other agents 
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to bind pollutants) and hydraulic sequestration (addition of water-expanding clay or other agents 

to decrease hydraulic conductivity) (10, 14, 128-129).  

Several studies have shown that GAC, coke and/or organoclays can sequester hydrophobic 

organic compounds (HOC), retarding transport through the cap layer and potentially decreasing 

HOC bioavailability (14, 164, 179). Murphy et al. (14) reported that a thin layer of GAC can 

provide 1000 yr of isolation time for 2,4,5-polychlorinated biphenyl, even under moderate 

porewater seepage, while coke provides only a few decades. 

Apatite is gaining favor as a counterpart to GAC for metals. Apatite has two modes of 

action: it binds certain metals into insoluble phases that are extremely stable by replacing Ca+2, 

PO4
-3 and OH- ions by metal ions (139) and it can act as geosorbent for other metals with binding 

strength affected by solution pH (125, 140). Crannell et al. (138) showed that apatite reduced Pb 

diffusivity by 67%, Zn by 50%, but Cu diffusivity remained unchanged. Bostick et al. (150) 

concluded that biogenic apatite has the potential to successfully retard migration of U, Pb, Cd, 

Cu and Hg, but was less effective for As, Se, Ba and Cr. 

Several initiatives have been taken by the US Environmental Protection Agency (USEPA) 

and the US Army Corps of Engineers to explore capping effectiveness, and a major field study 

with apatite, coke, aquablok™ and sand has been undertaken in the Anacostia river; however no 

studies have yet been published comparing the effectiveness of both a wide variety of cap 

materials and contaminants. Because many contaminated sediment sites have a mixture of both 

metal and organic contaminants, active media may be required to sequester both metals and 

organics. Thus, the first objective of this paper was to compile model parameter data for a range 

of cap materials and for a range of contaminants from the literature. We then model the transport 

of Cd, Cr, Pb, Ag, As, Ba, Hg, CH3Hg and CN (although not technically a metal, CN is a 
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common co-contaminant with metals) through five different cap configurations. Finally, we use a 

Monte Carlo method to evaluate how sensitive model results are to uncertainty in model 

parameters. 

 

3.3. Materials and Methods 

Five capping materials and ten common metal contaminants were considered under 

diffusion only (diffusion) or with porewater advection flow. Contaminated near-shore areas 

(commonly selected as capping sites) are frequently subjected to submarine groundwater 

discharge (229). The hydraulic gradient (dh/dx) across the cap in the simulations was given a 

fixed value of 0.005 and 0.05 m·m-1 for advection flow conditions, which comprises the typical 

hydraulic gradient range of near shore areas in North America. The cap thicknesses were chosen 

based on configurations used in laboratory and field studies reported in the literature (10, 14). 

GAC, apatite and organoclay were 2 cm, shredded tires were 10 cm and sand was 25 cm. In 

applications, GAC, organoclay, and apatite would likely be employed in a geotextile “sandwich” 

to facilitate field application. In practice, the low density of GAC necessitates addition of sand to 

weigh the mat down. We assume that the geotextile, added sand, and the presence of mixed 

contaminants do not affect the transport of the contaminants in these simulations (230). It is 

assumed that the contaminant source is infinite below the cap and desorption is rapid relative to 

porewater transport and thus the porewater concentration is at equilibrium with the solid phase.  

We treat the system as a uniform vertical sediment column with an active cap at the top and 

porewater flux by diffusion and advection under two fixed gradients (0.005 and 0.05 m·m-1) 

across the active cap itself. Additional sand and/or armoring layers above the cap are not 

included in the analysis to provide a uniform comparison across different cap types. Under these 

conditions, the transport of contaminants is only affected by the properties of the contaminant 
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and the capping materials: porosity, bulk density, cap thickness, hydraulic conductivity, 

tortuosity, partitioning coefficient and molecular diffusivity. All parameters are either assumed 

in the test conditions (hydraulic gradient and cap thickness) or derived from an analysis of 

literature values (described in detail below). Transport thus follows equations 3.1 and 3.2 (more 

detailed description of the equations below can be found in chapter 2) (194): 

I) Diffusion                        
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(3.2) 

Where C(x,t) is the breakthrough porewater concentration (mg·L-1) of contaminant at the top 

of the cap of thickness x at time t (yr); Co is the initial concentration of contaminant in the 

sediment porewater (mg·L-1); φe is the effective cap porosity (unitless); ρ is bulk density (kg·L-

1); kh is the hydraulic conductivity of the cap (m·yr-1); dh/dx is the hydraulic gradient across the 

cap (m·m-1); Dmol is the molecular diffusivity (m2·yr-1) and Kd is the cap-porewater partitioning 

coefficient (L·kg-1).  

Mass breakthrough per unit cross-sectional area A (mg·m-2) over time was calculated from 

the porewater Darcy velocity using a finite difference form of equation 3.3: 
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Where Ct is the ratio C/Co determined by equations 1 or 2 at time t, multiplied by the 

underlying sediment concentration Co. 

The values for metal solubility from the literature used in the cumulative mass breakthrough 

analyses are shown in Table 3.1: it should be noted that these are broad estimates because metal 

speciation and porewater chemistry greatly affect these values. Data were log-normally 

distributed so geometric mean (P50) values were considered as the solubility concentration Cs. 

We chose a 100 yr C/Co target value to classify a cap as effective based on the USEPA criterion 

maximum concentration (CMC) for metals in freshwater (29). This criterion defines the “highest 

concentration of a material in surface water to which an aquatic community can be exposed 

briefly without resulting in an unacceptable effect”. We also show in Table 3.1 the criterion for 

continuous concentration (CCC), which is an estimate of the “highest concentration of a material 

in surface water to which an aquatic community can be exposed indefinitely without resulting in 

an unacceptable effect” (29). For our simulations, Co was set conservatively as the literature-

derived solubility value (Cs, Table 3.1) and C as the USEPA CMC for freshwater (Table 3.1). 

The geometric mean was applied to establish the CMC and CCC for Cr due to wide differences 

in reported values for Cr (III) and (VI). 
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Table 3.1. Metal solubility values from the literature, USEPA CMC and CMC/Cs target 

values
a
 

Compound P10 
(mg·L-1) 

P50 (=Cs) 
(mg·L-1) 

P90 
(mg·L-1) 

Geom 
std dev 

CMC 
(mg·L-1) 

CMC/Cs 
target 

CCC 
(mg·L-1) 

CMC/Cs 
target 

Cd, pH 7 0.008 3 1240 110 2.0E-03 6.6E-04 2.5E-04 8.3E-05 

Cr, pH 7 0.021 20 20500 220 1.0E-01 4.8E-03 2.9E-02 1.4E-03 

Pb, pH 7 0.26 4 60 8 6.5E-02 1.7E-02 2.5E-03 6.4E-04 

Ag 0.17 8 390 20 3.2E-03 3.9E-04   

As 0.018 5 1470 80 3.4E-01 6.5E-02 1.5E-01 2.9E-02 

Ba 0.67 60 5970 40 n.a.  n.a.  

Hg 0.002 15 101000 1000 1.4E-03 9.5E-05 7.7E-04 5.2E-05 

CH3Hg  100   1.4E-03 1.4E-05 7.7E-04 7.7E-06 

CN 0.35 280 232000 190 2.2E-02 7.7E-05 5.2E-03 1.8E-05 

   
a
 P10, P50, P90 = percentiles; sources: (29, 70, 231); n.a.=there is no EPA CCC criteria for the compound 

 

Variability in model parameters obtained from the literature necessitated an uncertainty 

analysis for model output. We used a Monte Carlo method to obtain the distribution of model 

output based on the range of parameter values. Analyses were performed for 5000 draws of the 

random variables Kd, φe, ρ and kh to obtain the distribution of C/Co over time within the 95% 

confidence interval (CI). As there is no simple way to know a priori the metal speciation in the 

field (which accounts for the high variability of reported Kd values) and that speciation may be 

affected by changing environmental conditions over time, the Monte Carlo simulations allowed 

us to incorporate these uncertainties into model output to account for the possible forms of metal 

speciation with a statistically significant result. An extensive review of literature values was used 

to establish probability distribution functions for the variables (Tables 3.2 and 3.3). The data 

showed that Kd values followed a log-normal distribution (truncated at zero) and normal 

distributions (truncated at zero) best fit the φe, ρ and kh data (except kh values for organoclay, 

shredded tires and GAC, which were log-normally distributed, see below). Matlab (v. 7, 

MathWorks, Inc.) was used as the Monte Carlo platform.  
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Table 3.2. Model compounds used in the active cap transport simulations
a
 

Compound Relevant 
environ. state 

Dmol 

(m2 yr-1) 
log Kd 

(L kg-1) 
Std dev 
log Kd 

fi 

 

Cd, pH 4 Cd2+ 2.27E-02 1.3  2.9 

Cd, pH 7 “  2.27E-02 2.6 1.4 1.9 

Cd, pH 9 “ 2.27E-02 3.5  1.7 

Cr, pH 4 Cr3+, Cr6+ 1.86E-02 2.7  1.5 

Cr, pH 7 “ 1.86E-02 2.1 1.7 1.7 

Cr, pH 9 
“ 

1.86E-02 0.88  2.6 

Pb, pH 4 Pb2+
, Pb

4+
 3.00E-02 2.6  1.8 

Pb, pH 7 
“ 

3.00E-02 3.4 1.4 1.6 

Pb, pH 9 
“ 

3.00E-02 3.8  1.5 

Ag Ag+ 
5.23E-02 3.6 1.1 1.0 

As As+3
, As

+5
 3.82E-02 2.4 0.70 1.0 

Ba Ba2+ 
2.68E-02 2.5 0.80 1.0 

Hg Hg
0
, Hg

+
, Hg2+

 5.68E-02 4.9 0.60 1.0 

CH3Hg CH3Hg+ 
1.92E-02 3.9 0.50 1.0 

CN HCN 7.03E-02 1.6 1.7 1.0 

   
a
 bold represents main species used in simulations; log Kd for apatite=log Kd*fi, fi=immobilizing 

factor; sources: (49, 51, 138, 232-233)  

 

Table 3.3. Parameter values considered in the Monte Carlo simulations
a
 

Cap material x (m) φe ρρρρ (kg·L-1) kh (m·yr-1)b 
  μ σ μ σ μ (or μg) σ (or σg) 

sand 0.25 0.31 0.03 2.0 0.30 21,000  27,000 

organoclay 0.02 0.36 0.07 1.8 0.35                 10              207 

shredded tires 0.10 0.48 0.20      0.7 0.05     280,000              10 

apatite 0.02 0.44 0.02 1.7 0.10 22 25 

GAC 0.02 0.45 0.11 0.6 0.12                 60 26 

   
a
 sources: (14, 47, 138, 159, 164, 232, 234-253); 

b
organoclay, shredded tires and GAC kh values 

are reported as geometric mean (μg) and geometric standard deviation (σg) 

 

Organoclay kh values vary greatly depending upon the product. Some commercially 

available organoclays have very high conductivity (3,000 m·yr-1) (252), whereas other studies 

report much lower kh values for organo-modified clays (5 m·yr-1) (239). Further, at least one 

commercially-available organoclay has very low permeability (0.1 m·yr-1) (253). Together, these 

organoclay kh data were better fit with a log-normal distribution. Shredded tire kh values reported 
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in the literature present high variability due to bed compressibility and variable particle size 

(241, 244, 249) and thus a log-normal distribution better fit the data. Much of the literature-

reported kh values for GAC are relevant to in-line processes with large particle sizes (where very 

high kh values are desirable). We assume in the field much lower values would be preferable for 

sediment applications and thus we have chosen lower kh values that would be similar to those for 

very small GAC (or large powder activated carbon). Data on kh for activated carbon in this size 

range are sparse, so we supplemented commercially-available values (300 m·yr-1) (252) with 

those derived from equations to estimate kh from particle size (47), as well as those from our own 

column experiment measurements (16). Similar to the case with organoclay and shredded tires, 

the range of GAC kh data were best fit with a log-normal distribution. 

 

3.4. Results and Discussion 

The literature best estimate Dmol values used in the simulations varied from 0.019 (Cr) to 

0.070 m2·yr-1 (CN), and log Kd varied widely from 0.88 (Cr at pH 9) to 4.9 L·kg-1 (Hg) (Table 

3.2). Porosity varied from 0.30 (sand) to 0.50 (GAC), ρ from 0.66 (GAC) to 1.86 kg·L-1 (sand) 

and kh from 10 (organoclay) to 4,000 m·yr-1 (sand) (Table 3.4). I present here results for each 

capping material for metals with literature-reported pH dependent Kd values (Cd, Cr, Pb), 

followed by metals with no reported pH-dependency for Kd (Ag, As, Ba) and then Hg, CH3Hg 

and CN. Although Ba is not considered a priority pollutant by the USEPA CMC and CCC 

criteria, I also modeled Ba behavior as it is included in the RCRA 8 metals. Even though pH is 

likely to affect sorption behavior for all metals analyzed (as well as some of the cap materials), a 

detailed analysis of these effects is beyond the scope of this part of the study. A primary source 
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for the Kd values used in this study is a recent comprehensive literature compilation of metal Kd 

values reported by USEPA (49, 51). 

 

Table 3.4. Literature best estimate values used in the simulations
a
 

Cap material x 

(m) 
φe ρρρρ 

(kg L-1) 
kh 

(m yr-1) 
sand 0.25 0.30 1.86        4,000 

organoclay 0.02 0.36 1.80             10 

shredded tires 0.10 0.40 0.73     100,000 

apatite 0.02 0.45 1.60              30 

GAC 0.02 0.50 0.66             60 

   
a
 sources: (14, 47, 232, 234-244, 252-253) 

 

Under diffusion conditions, sand efficiently hinders Cd release (Figure 3.1 a–c). Diffusive 

path length greatly affects breakthrough time, thus leading to the relatively effective performance 

of the thicker sand cap. Cd breakthrough is predicted in the sand cap (dh/dx=0.05 m·m-1) in less 

than 50 d, one yr and 80 yr at pH 4, 7 and 9, respectively (Figure 3.1 d-f). Sand is predicted to 

effectively minimize the release of Cr (except at pH 9) and Pb under diffusion (Figures 3.2 and 

3.3 a-c). Sand performed best under diffusion for Ag, As and Ba. Ag and As release is less than 

their USEPA CMC after 5000 and 1500 yr, respectively (Figure 3.4 a, b). Under advection, the 

sand cap does not perform well for all contaminants except Hg. Sand will likely minimize Hg 

release under both diffusion and advection (Figure 3.5 a, d), keeping Hg release below the CMC 

(1.4 10-3 mg·l-1) for 175 yr, even under advection. CH3Hg releases are predicted to reach the 

CMC after 5000 and 18 yr for diffusion and advection, respectively (Figure 3.5 b, e). CN 

releases are predicted to reach the CMC in 35 yr and <1 yr for diffusion and advection, 

respectively (Figure 3.5 c, f). 

Shredded tire caps efficiently hinder Cd release (Figure 3.1 a–c) under diffusion conditions. 

Similar to the sand cap, the shredded tire cap is thicker than the other cap materials, thus leading 
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to the more effective performance of the thicker shredded tire cap. The shredded tire cap is 

predicted to perform satisfactorily for Cr only at pH 4 (Figure 3.2 a–c) and for Pb (at all pH) 

under diffusion. Ag, As and Hg releases are lower than their USEPA CMC after 180, 65 and 

2800 yr, respectively, under diffusion. However, under advection, the shredded tire cap does not 

perform well for any contaminant. Cd, As and CN breakthrough, for example, is predicted in <1 

yr. Hg breakthrough occurs in <2 yr. 

Organoclay performed well for Cd at pH 9 (Figure 3.1 c, f), but it is not predicted to prevent 

Cd release to the water column at 100 yr at lower pH, even under diffusion-only conditions. 

Organoclay is predicted to prevent Cr releases from exceeding the USEPA CMC for 15, 3.5, and 

0.2 yr at pH 4, 7 and 9, respectively, under advective conditions (dh/dx=0.05). Organoclay is 

effective at minimizing Pb release under diffusion, except at pH 4. However, under advection it 

is effective only at pH 9 (Figure 3.3 a-f). Organoclay performed best among the caps for Ag, As 

and Ba under advection; followed by apatite, GAC, sand and shredded tires (figure 3.4 d-f). The 

very low hydraulic conductivity of organoclay is responsible primarily for its better performance. 

Organoclay Ag and As releases are predicted to reach the CMC after 20 yr and 5 yr, respectively 

(dh/dx=0.05). A thicker layer of both organoclay and apatite would likely be necessary to 

successfully minimize the release of these contaminants to the water column. Hg is predicted to 

reach the CMC after >300 yr under both diffusion and advection (Figure 3.5 a, d). Organoclay 

CH3Hg releases are predicted to reach the CMC after 90 and 70 yr for diffusion and advection, 

respectively (Figure 3.5 b, e). Organoclay CN releases are predicted to reach the CMC in <1 yr 

for both diffusion and advection (Figure 3.5 c, f). 

 



89 

 

 

Figure 3.1. Simulated breakthrough concentration curves of Cd in different caps under 

diffusion (a, b, c) and advection under two gradients (d, e, f) as a function of pH. Shown are 

pH 4 (a, d), pH 7 (b, e) and pH 9 (c, f) in sand, shredded tires, organoclay, GAC and apatite 

caps. Also shown is a conservative tracer in the sand cap under diffusion for comparison.  
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Figure 3.2. Simulated breakthrough concentration of Cr in different caps under diffusion 

(a, b, c) and advection under two gradients (d, e, f) as a function of pH. Shown are pH 4 (a, 

d), pH 7 (b, e) and pH 9 (c, f) in sand, shredded tires, organoclay, GAC and apatite caps. 

Also shown is a conservative tracer in the sand cap under diffusion for comparison. 
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Figure 3.3. Simulated breakthrough concentration of Pb in different caps under diffusion 

(a, b, c) and advection under two gradients (d, e, f) conditions as a function of pH. Shown 

are pH 4 (a, d), pH 7 (b, e) and pH 9 (c, f) in sand, shredded tires, organoclay, GAC and 

apatite caps. Also shown is a conservative tracer in the sand cap under diffusion for 

comparison. 
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Figure 3.4. Simulated breakthrough concentration of putatively non-pH sensitive 

partitioning metals in different caps under diffusion (a, b, c) and advection under two 

gradients (d, e, f). Shown are Ag (a, d), As (b, e) and Ba (c, f) in sand, shredded tires, 

organoclay, GAC and apatite caps. Also shown is a conservative tracer in the sand cap 

under diffusion for comparison. 
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Figure 3.5. Simulated breakthrough concentration of mercury and organo-metals in 

different caps under diffusion (a, b, c) and advection under two gradients (d, e, f). Shown 

are Hg (a, d), CH3Hg (b, e), CN (c, f) in sand, shredded tires, organoclay, GAC and apatite 

caps. Also shown is a conservative tracer in the sand cap under diffusion for comparison. 
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Apatite had the best performance for Cd at all pH; and releases under advection were less 

than the USEPA CMC (2.0 10-3 mg·l-1) after 23, 500, and 4000 yr at pH 4, 7 and 9, respectively 

(Figure 3.1 d-f). Apatite is predicted to have the best performance for Cr under advection at 

dh/dx=0.05 (Figure 3.2 d-f), with releases less than the CMC value after 100, 23, and 1.5 yr at pH 

4, 7 and 9, respectively. A thicker apatite layer may be necessary to minimize the release of Cr at 

pH 7 or 9 under a similar gradient. Under advection, apatite had the best performance for Pb at 

all pH, with predicted Pb release less than the CMC after 300, 2000, and 4000 yr at pH 4, 7 and 

9, respectively (Figure 3.3 d-f). Apatite Ag and As releases are predicted to reach the CMC at 13 

and four years, respectively, for diffusion (Figure 3.4 a, b) and at 11 yr and two yr, respectively 

(figure 3.4 d, e) under advection. Hg is predicted to reach the CMC after >160 yr under both 

diffusion and advection (Figure 3.5 a, d), whereas CH3Hg releases are predicted to reach the 

CMC after >35 yr for both diffusion and advection (Figure 3.5 b, e). Apatite CN releases are 

predicted to reach the CMC in <1 yr for both diffusion and advection (Figure 3.5 c, f). 

GAC does not prevent Cd (Figure 3.1 a-c), Cr (Figure 3.2 a-c), Pb (Figure 3.3 a-c), Ag and 

As (Figure 3.4 a, b) breakthrough, even under diffusion only conditions. All five contaminants 

reach their USEPA CMC under diffusion in <25 yr. Under advection, GAC allows Cd, Cr, Pb, 

Ag and As release to the water column to reach their EPA CMC after <4 yr. GAC performs 

relatively better for Hg and CH3Hg. Above-cap concentrations were not predicted to exceed the 

CMC until after >50 yr and >9 yr for Hg and CH3Hg, respectively (Figure 3.5 a, b, d, e). As with 

the other caps, CN release from a GAC cap is predicted to exceed the CMC in <1 yr for both 

diffusion and advection (Figure 3.5 c, f). 
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In all cases, Cd and Pb breakthrough times were predicted to increase as the pH increased 

(Figures 3.1 and 3.3 a-f), while Cr breakthrough time decreased for all caps as the pH increased 

(Figure 3.2 a-f) due to the strong influence pH has on the partitioning coefficient or these metals.  

All test compounds had 10% breakthrough times in excess of 100 yr in the sand cap under 

diffusion. Similarly long breakthrough times are predicted for the shredded tire cap at neutral pH 

(with the exception of CN). For several metals, apatite is predicted to perform effectively under 

diffusion with 10% breakthrough times of 7000, 3000 and 1000 yr for Pb, Cd and Hg, 

respectively. Other contaminants were not as effectively retarded by apatite; 100 – 300 yr for Cr 

and CH3Hg, 60 yr for Ag and less than 10 yr for As, Ba and CN. GAC had 10% breakthrough 

times of 350 and 100 yr for Hg and CH3Hg, respectively; and less than 25 yr for the other metals 

(Figure 3.6 a).  

 

 

Figure 3.6. Comparison of time required for 10% contaminant simulated breakthrough in 

five cap materials under diffusion (a) and advection (b) flow conditions (dh/dx=0.05). 
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sequestration capability (apatite) or lower permeability (organoclay) minimized contaminant 

breakthrough under advection relative to sand or shredded tires, which both had predicted times 

to 10% breakthrough frequently <1 yr. Such short breakthrough times are not likely to be 

considered acceptable performance for any conceivable capping scenario. Cd, Pb, Hg and 

CH3Hg are predicted to have 10% breakthrough times in excess of 100 yr under advection for 

apatite, whereas only Hg and CH3Hg had similarly long 10% breakthrough times in the 

organoclay cap. However, both apatite and organoclay were less effective for Cr, As, Ba and 

CN; and may require thicker layers of cap material to perform efficiently. 

Although porewater concentration is the most useful metric to quantify exposure risk, I 

include cumulative mass breakthrough as an additional performance metric because it takes into 

account the actual volumetric porewater flowrate and provides a better measure of impacts to the 

overlying water body (Figure 3.7). Apatite is predicted to perform effectively for Cd, Pb and Hg, 

while organoclay is predicted to perform effectively for Hg and CH3Hg. Although not meeting 

the 100 yr effectiveness criterion, apatite is predicted to perform better than all other caps for Cr, 

while organoclay would be better than the other caps for Ag, As, Ba and CN. Even though 

apatite prevents release of Cr better than organoclay (time to reach CMC is 30 and 1.5 yr for 

apatite and organoclay, respectively), I predict a 6 cm apatite cap layer would be necessary to 

prevent Cr release from reaching the CMC for 100 yr. Due to poor sequestration of CN, the cap 

size and resultant cost to prevent its release from reaching CMC likely would be prohibitive (if 

the underlying porewater is at Cs). 

Advective areal mass release from the sand cap varied greatly by contaminant. After 100 yr, 

Pb, As and Hg mass release is predicted to be 4300 mg·m-2, 64,000 mg·m-2 and < 10-6 mg·m-2, 

respectively. The 100 yr mass release is smaller for the apatite cap, with values < 10-6 mg·m-2 for 
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Cd, Pb and Hg and < 700 mg·m-2 for all other metals except CN (Figure 3.7). Organoclay also 

performed well, with predicted 100 yr release all <2 mg·m-2 for Pb, Ag, Hg and CH3Hg.  

 

 

Figure 3.7. Simulated cumulative contaminant mass breakthrough (mg m
-2

) in five cap 

materials after 30 yr (a) and 100 yr (b) under advection flow conditions (dh/dx=0.05). 

 

Combined cumulative 30 and 100 yr areal mass release shows that organoclay is predicted 

to have the best overall performance (Figure 3.8 a). Surprisingly, GAC is predicted to have a 

reasonable performance when compared to apatite from a mass release standpoint. Although 

apatite works very well for Cd, Pb and Cr (where GAC is relatively ineffective), GAC differs by 

less than an order of magnitude for Ag, As, Ba and CN. 

The 30 and 100 yr concentration data were normalized to the CMC to better compare the 

relative performance (Figure 3.8 b). Organoclay risk is driven by CN, Cd and Ag, while apatite 

risk is driven by CN, CH3Hg and Ag. GAC risk is driven by CN, CH3Hg and Cd, whereas both 

sand and shredded tire risk is driven primarily by CH3Hg. By this metric, apatite performed best 

for Pb, Cd and Cr, and organoclay performed best for Ag, As, and CH3Hg. Both apatite and 

organoclay were equally effective towards Hg and equally ineffective towards CN. 
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Figure 3.8. Simulated total mass and toxicity-normalized concentration measures of 

contaminant release through five cap materials after 30 and 100 years under advection 

flow conditions (dh/dx=0.05). Shown are cumulative areal mass release (a) and the 30 and 

100 yr contaminant concentration at the cap surface (b) normalized to the toxicity criteria 

for maximum concentration (CMC). 

 

The variability in reported parameter values used in these simulations indicates the need to 

perform a sensitivity analysis. Because multiple parameters are used in the model, I chose a 

Monte Carlo method to investigate sensitivity to multi-parameter variability. The complex metal 

partitioning process is affected by speciation, redox state and pH, which in turn greatly affects Kd 

values and thus results in the large variability in reported values, e.g. CN (1.6±1.7 l·kg-1) and Cd 

at pH 7 (2.6±1.4 l·kg-1). Porosity (φe) varied from 0.31±0.03 (sand) to 0.48±0.20 (shredded tires), 

ρ from 0.60±0.12 kg·l-1 (GAC) to 2.0±0.30 kg·l-1 (sand), and kh varied from 10±207 m·yr-1 

(organoclay µg) to (2.8 10+5)±(10) m·yr-1 (shredded tires µg) (Table 3.3). I report the distribution 

of C/Co over time within various confidence intervals (Figure 3.9 – 3.13). The area between the 

boundary lines represents all breakthrough results under all possible values for Kd, φe, ρ and kh 

within the CI. A summary of all results is presented in Table 3.5. 
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Figure 3.9. Representative Monte Carlo simulation curves of breakthrough concentration 

for Cd at pH7. Shown are simulations under diffusion (a, b, c) and advective (d, e, f) 

conditions in sand (a, d), organoclay (b, e) and apatite (c, f). 
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Figure 3.10. Monte Carlo simulation of breakthrough concentration for Cr at pH7. Shown 

are simulations under diffusion (a, b, c) and advective (d, e, f) conditions in sand (a, d), 

organoclay (b, e) and apatite (c, f). 
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Figure 3.11. Monte Carlo simulation of breakthrough concentration for Pb at pH7. Shown 

are simulations under diffusion (a, b, c) and advective (d, e, f) conditions in sand (a, d), 

organoclay (b, e) and apatite (c, f). 
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Figure 3.12. Monte Carlo simulation of breakthrough concentration for As. Shown are 

simulations under diffusion (a, b, c) and advective (d, e, f) conditions in sand (a, d), 

organoclay (b, e) and apatite (c, f). 
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Figure 3.13. Monte Carlo simulation of breakthrough concentration for Hg. Shown are 

simulations under diffusion (a, b, c) and advective (d, e, f) conditions in sand (a, d), 

organoclay (b, e) and apatite (c, f). 
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Table 3.5. Summary of the Monte Carlo simulation results
a
 

Compound Cap material 

 Sand OC Tires AP GAC 

 CMC CCC CMC CCC CMC CCC CMC CCC CMC CCC 

Cd, pH 7 ++/- ++/- -/- -/- -/- -/- ++/++ ++/++ -/- -/- 

Cr, pH 7 +/- +/- -/- -/- -/- -/- -/- -/- -/- -/- 

Pb, pH 7 +++/- ++/- +/- -/- +/- +/- ++/++ ++/++ -/- -/- 

Ag +++/- n.a. -/- n.a. +/- n.a. -/- n.a. -/- n.a. 

As +++/- +++/- -/- -/- -/- -/- -/- -/- -/- -/- 

Hg +++/++ +++/+ ++/+ ++/+ +++/- ++/- ++/++ +/+ +/+ -/- 

CH3Hg +++/- +++/- ++/+ +/- ++/- ++/- -/- -/- -/- -/- 

CN -/- -/- -/- -/- -/- -/- -/- -/- -/- -/- 

 a - means cap complies with the USEPA CMC or CCC after 100 yr within <50% CI; +, ++ and 
+++ means cap complies with the CMC or CCC within mean, 75% and 95% CI, respectively. 
First symbol means result for diffusion, second symbol means  result for advection (dh/dx=0.05). 
n.a.=there is no EPA CCC criteria for the compound 

 

Sand achieved USEPA CMC under diffusion for Cd within the 75% CI (Figure 3.9 a) and 

for Pb (Figure 3.11 a), Ag, As (Figure 3.12 a), Hg (Figure 3.13 a) and CH3Hg (95% CI). Sand 

does not perform satisfactorily for Cr and CN, even under diffusion only. With the exception of 

Hg, all other compounds would rapidly breakthrough the sand layer under advection and 

therefore it does not appear likely that sand alone would perform acceptably. 

Shredded tires were only effective for Hg (95% CI) and for CH3Hg (75% CI) under 

diffusion. All compounds would rapidly breakthrough the shredded tire layer under advection. 

Organoclay was effective for Hg and CH3Hg under diffusion (75% CI), and within the 50% 

CI under advection. Organoclay did not perform satisfactorily for the other compounds. 

Although organoclay performed better than apatite in the sensitivity analysis for Ag, As and 

CH3Hg, it was not effective (75% CI) for these metals under advection and a thicker layer, >15 

cm, may be needed to remediate sites with these contaminants. 
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Apatite achieved the CMC after 100 yr under diffusion and advection (dh/dx=0.05) for Cd, 

Pb and Hg (75% CI). The performance of apatite was not as satisfactory for other metals 

analyzed. 

GAC performed poorly for all metals under the 100 yr CMC criterion.  

 

3.5. Conclusions and Implications 

Cap thickness is clearly the most important factor under diffusion; sand caps performed best 

under diffusion and shredded tires also performed well. However, an inadequately armored sand 

cap layer alone may not work satisfactorily, even in sites that are only under diffusive transport 

conditions due to erosive losses of cap material over time. Under advection, decreased hydraulic 

conductivity may be as or more important than increased Kd; apatite had the best performance for 

Cd, Cr and Pb and low hydraulic conductivity organoclay performed best for Ag, As, Ba, CH3Hg 

and CN. My results are comparable to those obtained by Bostick et al. (150), who observed that 

apatite successfully retards migration of Pb, Cd and Hg, but is less effective for As, Ba and Cr. In 

some cases, organoclay behaved similarly under diffusion and advection because this cap 

material is both a sorbent and a hydraulic barrier, while the thick sand cap effectiveness was 

completely different under advection because it is not a sorbent and is highly permeable.  

Overall, no cap is predicted to be effective for Cr and CN. Although sand would reduce Cr 

flux to the water column for 80 yr under diffusion (75% CI), no cap reduced Cr release at a high 

CI under advection (Figure 3.10). Thicker caps could thus be applied to ensure effective 

performance, although this would result in increased cost. Sand and apatite are the most effective 

caps for Hg, but organoclay may be effective as well. Sand, organoclay and tires are predicted to 

be effective for CH3Hg under diffusion only, but a thicker cap of organoclay would probably be 

more effective under advection. Sand is predicted to be effective for Ag and As under diffusion, 
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but a thicker cap of organoclay would likely be the best alternative for these metals under 

advection. Sand and apatite are predicted to be effective for Cd and Pb at neutral pH, but only 

apatite is predicted to be effective under advection. 

Cap combinations (e.g. apatite or organoclay followed by sand) may be the most 

economically efficient capping formulation. The apatite or organoclay mat providing effective 

advective sequestration and the sand layer contributing for both stability and as a thick diffusive 

pathway.  

My results demonstrate the need for uncertainty analysis, which is driven primarily by 

sediment chemistry that greatly affects Kd and the variety of cap materials with different 

permeabilities. More Kd data under realistic field conditions are needed to reduce uncertainty to a 

level more acceptable in managing risk. Knowing site specific conditions would also contribute 

to decrease uncertainty in my simulations for a specific site, but the utility of a broader 

comparison is the ability to focus data-gathering efforts on the caps that are likely to be more 

effective and the contaminants that are driving risk. Further, the importance of kh is clearly 

demonstrated by my simulations. These results may lead to modified cap formulations to 

decrease permeability and thus improve performance.  

There are currently >100 contaminated sediment projects were capping is planned or has 

been implemented (254). However, capping tends to be “harder sell” for regulatory agencies and 

the public (255). I hope the experimental and modeling results from cap efficiency for different 

metal contaminants under a variety of environmental conditions and cap characteristics 

contribute to a better understanding of the effectiveness of capping and to focus efforts on future 

studies. 
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CHAPTER IV. METAL ADSORPTION ISOTHERM AND COLUMN TRANSPORT 

STUDIES WITH ACTIVE CAPPING AMENDMENTS 

 

Equilibrium adsorption studies were conducted with the cationic metal Cd and the anionic 

metal As, and the cap materials sand, organoclay (OC), apatite and granular activated carbon 

(GAC) to provide more confident model predictions based upon measurement of the most 

sensitive parameter identified in the Monte Carlo analyses shown in chapter 3, the partitioning 

coefficient Kd. Laboratory-scale column studies were also performed to validate the model 

simulations.  

 

4.1. Abstract 

The partitioning coefficient Kd  was measured by adsorption isotherm experiments for Cd, a 

cationic metal, and As, an anionic metal, and four cap materials (sand, organoclay OC, apatite 

and granular activated carbon GAC). Results indicate that Cd adsorption isotherms are likely 

nonlinear for all cap materials, and As isotherm is nonlinear at least for organoclay. Although 

none of the caps exhibited a high sorption capacity for As, OC and apatite performed clearly 

better than sand and GAC. Surprisingly, OC exhibited a significantly higher sorption capacity 

than apatite for Cd. The Kd results indicate close agreement between the experimental and 

literature Kd values with the exception of As and Cd with apatite. Apatite performed well for Cd 

in the column study with full breakthrough after 12000 pore volumes. Sand did not exhibit such 

a poor sorption capacity as expected for Cd with full breakthrough after 4000 pore volumes. 

Based on the column experiment results, GAC performed poorly both for As and Cd. The results 

from simulations performed with measured Kd and cap parameters compared to literature-derived 

model simulations demonstrate the need for uncertainty analysis. The measured Kd values under 
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realistic field conditions (circumneutral pH and close to anaerobic conditions) contribute to 

reduce uncertainties in parameters used for project design to a level more acceptable in managing 

risk. 

 

4.2. Introduction 

There are relatively few field capping projects that have been implemented (10-13). Thus, 

guidance for project design from theoretical and practical aspects is not well established. Our 

literature-derived model simulations (15) shown in chapter 3 demonstrated the substantial 

uncertainties in parameters used for project design. Thus, experiments were conducted to provide 

more bounded values for model predictions of field performance based upon the parameters 

identified as most sensitive to model output in the Monte Carlo analyses. The partitioning of 

contaminants between the cap material solid phase and the aqueous porewater phase was 

investigated in this study to decrease the uncertainty in this parameter. Column experiments were 

performed to evaluate cap performance to minimize the release of contaminants. Simulations 

using the models described in chapter 3 were performed with measured Kd and cap parameters 

(porosity, density and hydraulic conductivity) values, and results compared to the literature-

derived model simulations shown in chapter 3.  

Sorption describes the attachment and release of compounds between the aqueous and 

particulate phases. There are a multitude of mechanistic and empirical models to describe the 

solid-liquid sorption process. At equilibrium, these are frequently referred to as isotherms as 

their measurements are performed at constant temperature. Mechanistic models include the 

Langmuir and Brunaur, Emmett, Teller (BET) isotherms, and empirical or semi-mechanistic 

models include the Freundlich and linear equilibrium partitioning isotherms. The latter is the 

simplest model as the partitioning is a direct linear function of concentration (i.e. the partitioning 
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parameter does not change as a function of concentration). The partitioning coefficient (Kd) is the 

ratio of concentrations of a compound in the two phases of a mixture of two immiscible phases at 

equilibrium. More specifically in our case it is the ratio of sorbed metal concentration on the 

solid matrix (mg kg-1 of sorbing material) to dissolved metal concentration in the aqueous phase 

(mg L-1 of solution) at equilibrium. 

Limitations of assuming a linear mathematical model consist in not imposing a limit to the 

amount of pollutant that can be sorbed on the solid matrix, and a limited dataset may lead to the 

conclusion that the relation is linear when it is actually not. For non-linear sorption, partitioning 

is a function of concentration. Freundlich and Langmuir models are most frequently used to 

represent such adsorption isotherms: 

Freundlich:																																						
&�)� = +,
-. or UVW
&�)� = UVW+, + SUVW
- (4.1) 

  Langmuir:                                   
&�)� = XYZ[\]
P�Z[\]  

(4.2) 

Where Csorb (mg kg of sorbent-1) is the contaminant equilibrium concentration on the sorbent 

phase; Cw (mg L-1) is the contaminant equilibrium concentration in the aqueous phase; Kd is the 

solid-aqueous partitioning coefficient (L kg-1) and Ms is the maximum mass of contaminant that 

the adsorptive material can hold (mg kg of sorbent-1). For the Freundlich model, when f = 1/n = 

1, the relationship is linear; when 0<f<1 (or n>1) there is a higher affinity of the contaminant for 

the sorbent; when f>1 (or 0<n<1), there is a lower affinity of the contaminant for the sorbent 

relative to the affinity of the contaminant for the solution (Figure 4.1). The Langmuir model 

describes the high affinity of the contaminant for the sorbent at low aqueous concentration with 

lower or invariant affinity at higher contaminant aqueous concentrations (47).  
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Figure 4.1. Isotherm models (adapted from Alvarez and Illman (47)). 

 

In the case of organic compounds, the partition coefficient is a measure of the degree of the 

hydrophobicity of the sorbate. Hydrophobic compounds (high partition coefficients) partition 

preferentially to hydrophobic materials, while hydrophilic compounds partition preferentially to 

the water phase. Compilations of Kd values for many organic contaminants of concern have been 

performed, and there are numerous reports in the literature of free energy relationships used to 

predict unknown Kd for compounds and sorbents (e.g. the well known Karickhoff equation (48)).  

Solid-aqueous phase partitioning is not as simple for heavy metal contaminants, as Kd values 

are also a function of geochemical characteristics of the solid matrix and the porewater 

composition, pH and nature and concentration of sorbents (49). Despite these difficulties, 

attempts have been made to compile Kd data for some metals (Table 4.1) (49-51). More research 

is needed, however, to decrease the uncertainty in this parameter as demonstrated by our 

previously reported modeling results (15). For example, uncertainties in Kd value for Cr affect Cr 

predicted reference breakthrough times by as long as several hundred years (15). Such 

uncertainties dramatically impact risk-based cap design.  
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Table 4.1. Summary of solid-aqueous partitioning coefficients for selected metals in the cap 

media
a
 

  log Kd (L kg
-1

) 

Cap material Cd  Pb Cr As Ag 

  µ σ µ σ µ  σ  µ  σ  µ σ 

Sand 2.6 1.4 3.4 1.4 2.1 1.7 2.4 0.7 3.6 1.1 

Apatite 3.5 0.4 3.9 0.6 3.4 1.0 1.4 0.4 3.6 1.1 

GAC 2.6 1.4 2.8 0. 1.0 1.7 1.4 0.4 3.6 1.1 

Organoclay 3.6 1.5 2.8 0.4 3.1 0.8 1.7 2.4 3.6 1.1 

 a Sources: (49-51). When Kd literature data was not available, Kd is shown for sediment as the 
solid phase (instead of the specific cap material).  

 

Thus, the first objective of this study was to measure Kd values for adsorption of Cd and As 

on the four cap materials: sand, organoclay (OC), apatite (AP), and granular active carbon 

(GAC), and compare the measured Kd values to literature values (Table 4.1). A second objective 

was to characterize cap material properties (surface area, porosity, density and hydraulic 

conductivity) to decrease uncertainties and re-perform simulations using the model described in 

chapter 3. As experimental validation is a much larger undertaking than model simulation, I 

limited the number of test compounds and active cap materials. Adsorption isotherm and column 

experiments were performed for Cd, a cationic metal at circumneutral pH, and As, an anionic 

metal at circumneutral pH, with only four of the five cap materials in the modeling study. The 

metals Cd and As were chosen because Cd is classified as a class B1 carcinogen (i.e., probably 

human carcinogen) and inorganic As is classified as a Class A carcinogen (i.e., known human 

carcinogen) by the U.S. Environmental Protection Agency (USEPA). 
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4.3. Materials and Methods 

Organoclay (PT-1E powdered organoclay), apatite (EC-MB hydroxyl-apatite, bone char) 

(both from Biomin Inc., Ferndale, MI), sand, and granular activated carbon (GAC, 8325 from 

Buy.Activated.Charcoal.com, Crawford, NE, USA) were used in the experiments. Apatite was 

size reduced down to <0.3 mm by mortar and pestle and sieved with 0.3 mm standard sieve. 

Sand collected from the 12th street beach on Lake Michigan (Chicago, IL) was sieved in 0.3 – 0.5 

mm standard sieves. 

 

Isotherm study. Adsorption isotherm experiments of Cd, a cationic metal at circumneutral 

pH, and As, an anionic metal at circumneutral pH, were performed with four cap materials (sand, 

OC, AP and GAC). Shredded tires were not tested as the results from the simulations 

demonstrated its relatively poor performance in minimizing metal release to the water column 

(see chapter 3, also Viana et al. (15)). Adsorption isotherms were performed in serum bottles 

filled with 100mL of aqueous metal solution. Different masses of sorbent were added based upon 

their predicted sorption capacity: 2 g of sand, 0.5 g of AP, 2 g of GAC and 0.5 g of OC were 

added to each bottle to ensure a range of Cw values that could be measured. The concentrated 

metal solution was composed of CdCl2 (0.85 mM) and NaAsO2 (0.20mM) in a synthetic 

freshwater sediment porewater. Synthetic fresh porewater solution was based upon De 

Schamphelaere et al. (256), Heijerick et al. (57) and Taillefert et al. (257) and composed of 

NaHCO3 (1 mM), CaCl2.2H2O (0.25 mM), MgSO4.7H2O (0.1 mM) and Fe(NH4)2(SO4)2.6H2O 

(0.2 mM) (Fisher Scientific, Pittsburgh, PA) added to de-ionized water. Different volumes of the 

concentrated metal solution were added to each serum bottle with a total of 20 bottles (five 

ranges of concentrations and four cap materials, Table 4.2). The pH was adjusted to 6.8 by 
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adding 1N NaOH or 1N HCl. MOPS-buffer (3-[N-morpholino] propane sulfonic acid, sodium 

salt from Sigma-Aldrich, M-9381) was added to maintain a constant pH during the experiment. 

This synthetic buffer is designed to be non-reactive with metals (54, 57) to replace the more 

typically used phosphate, carbonate, or organic buffers that would affect metal speciation and 

thus solubility. With the exception of OC incubations, the maximal pH change after five weeks 

was 0.2 pH units. OC had an increase of 0.2-0.59 pH units after five weeks incubation. Sodium 

azide (1 mL of a 0.1 M solution) was added to prevent microbial growth. The serum bottles were 

heated and sparged with N2, sealed, and incubated in a dark rotating tumbler for five weeks at 20 

°C.  

 

Table 4.2. Input mass and pH change in test system consisting of water and sand, GAC, OC 

and AP capping material slurry. 

 Sand GAC 
 B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 

CAs (mg L
-1

) 0.15 0.60 1.2 7.5 15 0.15 0.60 1.2 7.5 15 

CCd (mg L
-1

) 1.0 3.8 7.7 48 96 1.0 3.8 7.7 48 96 

pH at t=0 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 
pH after 5 weeks 6.9 6.64 6.58 6.44 6.38 7.24 7.14 7.03 6.84 6.54 

 OC AP 

 B11 B12 B13 B14 B15 B16 B17 B18 B19 B20 

CAs (mg L
-1

) 0.15 0.60 1.2 7.5 15 0.15 0.60 1.2 7.5 15 

CCd (mg L
-1

) 1.0 3.8 7.7 48 96 1.0 3.8 7.7 48 96 

pH at t=0 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 
pH after 5 weeks 7.4 7.39 7.24 6.97 7.24 6.9 6.76 6.7 6.55 6.5 

 

After aging, a supernatant sample (20 mL) from each of the 20 bottles was collected in 

falcon tubes (Fisher Scientific, Pittsburgh, PA), preserved using nitric acid, sealed and 

refrigerated at 4° C for transfer to a National Environmental Laboratory Accreditation Program 

(NELAP)-certified laboratory for analysis of Cd and As. The metals Cd and As were analyzed 

according to USEPA SW-846 method 6020 (258) by Inductively Coupled Plasma Mass 



114 

 

Spectrometry (ICP-MS). Sorbent samples were also analyzed for Cd and As Csorb according to 

USEPA SW-846 method 6020 (258).These data were used to determine the adsorption isotherm 

behavior of each metal by comparing Csorb to Cw (eq. 4.3 and 4.4) and the mass balance on 

sorbate:  

7-
- + �&�)�+,
- = � � �A  (4.3) 

Where Vw is the solution volume (L); Cw (mg L-1) is the metal equilibrium concentration in 

the liquid phase; Msorb is the mass of sorbent added to the bottle (kg); and Mtotal is the total mass 

of metal. Csorb can then be obtained from equation 4.3: 


&�)� = � � �A − 
-7-�&�)�  
(4.4) 

The cap material porosity (ϕe), bulk density (ρ) and hydraulic conductivity (kh) were 

measured in the laboratory as described elsewhere (16, 259) and values are shown in Table 4.3. 

Nitrogen adsorption and desorption isotherms, surface area and pore volumes of the tested cap 

materials were determined by Micrometrics Analytical Services (Norcross, GA). Nitrogen 

adsorption was performed at 77 K with 10 s equilibration intervals. Data were collected from a 

relative pressure (p/p0) of 0.01 to 0.99. Total surface area was calculated using the Brunauer 

Emmett Teller (BET) adsorption isotherm model (260-261) for the nitrogen isotherm data. 

 
Table 4.3. Measured transport parameters for cap material used in this study

a
 

Cap material φe ρρρρ (kg·L
-1

) kh (m·yr
-1

) 

 µ σ µ σ µ  σ 

Sand 0.35 0.008 1.63 0.003 4,300 2,000 

Apatite 0.43 0.04 1.33 0.05 27 7 

GAC 0.70 0.02 0.57 0.005 76 20 

Organoclay 0.45 0.07 0.80 0.04 21 7 

 a Source: (16) 
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Column study. The column experiments were performed using Omnifit adjustable columns 

with L×I.D. 100×10 mm from Fisher Scientific (Pittsburgh, PA). A low-pressure diaphragm 

gauge (1.6% Accuracy, 1/4" NPT bottom with 0 - 5 psi range) and a brass-case dual-scale gauge 

(2% Accuracy 3-1/2" Dial, 1/4" NPT Male Bottom, 0-15 psi, both from McMaster-Carr Co. 

(Robbinsville, NJ), were used to provide uniform hydraulic gradients across the column. Cap 

thickness and flowrate were varied based on predicted behavior of each cap material (e.g. metal 

breakthrough in a sand column is expected to be much faster than through OC or apatite). Filters 

were used at the end of each column to prevent sorbent material from exiting the column. A 

peristaltic pump Masterflex® console driver with a L/S® Easy-Load® II pump head (flow rates of 

0.06 to 2300 mL min-1) from Cole-Parmer (Vernon Hills, IL) was used to pump the metal 

solution through the column (Figure 4.2).  

 

Figure 4.2. Schematic of the column test system. Shown are (1) feed vessel containing metal 

influent solution, (2) peristaltic feed pump, (3) upstream and downstream pressure gauges, 

(4) test column and (5) effluent graduated cylinder to measure volume of sample.  
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The experiments were performed for the cationic metal Cd and the anionic metal As. The 

metal solution was prepared as described in the adsorption isotherm experiment. A mass of 0.7, 

0.7, 0.7 and 0.27 g of sand, AP, GAC and OC were packed in the column with a correspondent 

cap thickness of 0.4, 0.6, 1.8 and 0.4 cm, respectively. The cap thickness was varied to achieve 

full contaminant breakthrough in each cap material in a reasonable time-frame. However, 

different cap thicknesses made comparisons of breakthrough curves between columns based on 

the time scale more difficult, and thus number of pore volumes (PV) of the solution passed 

through the cap material with thickness x (cm) in time t (min) was used instead (262): 

^7 = _2
`=F 

(eq. 4.5) 

Where: Q is the flow through the cap material (mL min-1); A is the cross-sectional area 

(cm2); and ϕ is the porosity. Therefore, flow was monitored during the experiments to calculate 

PV. Before running the metal solution through the system, de-ionized water was run through the 

column until negligible conductivity was detected from the effluent. Effluent samples were 

collected in intervals chosen according to the time expected for metal breakthrough in each of 

the cap materials. Flow rates were adjusted using a peristaltic pump by increasing water flow 

through the column (and thus hydraulic gradient). The system is designed to have the flexibility 

to increase or decrease flow by orders of magnitude and cap thickness up to 10 cm to properly 

run the experiments in a reasonable time frame.  

Comparison of laboratory data for the transport through the column was performed in 

dimensionless form by calculating the Peclet number, which is a measure of the relative 

importance of advection to dispersion (mixing) (eq. 4.6) (194). By using this measure, the 

column experiments with each capping material may be compared. Experimental parameters 
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were selected to achieve a Peclet number PL similar for a given metal and all cap materials. 

Table 4.4 shows PL values based on a range of possible hydraulic gradients dh/dx.  

â = Jb
cdeY,   where   H = Zf[f[ghij   , 		? = 1 + +, ρ

ij   and   ;��& = ckdlij	m/n
h  

(eq. 4.6) 

Where: v is the chemical velocity in the porewater (m yr-1) corrected by the retardation 

factor R; Dobs is the observed diffusivity of each contaminant in each cap (m2 yr-1); and Dmol is 

the contaminant molecular diffusivity (m2·yr-1). 

Substituting v and Dobs equations in the PL equation, we obtain: 

( )
3/7

emol

xhh
L

D

ddxk
P

ϕ
=  

(eq. 4.7) 

 

Table 4.4. Peclet number for As and Cd and the tested cap materials based on different 

hydraulic gradients. 

 Sand (0.4 cm) Apatite (0.6 cm) GAC (1.8 cm) OC (0.4 cm) 

Compound dh/dx PL dh/dx PL dh/dx PL dh/dx PL 

As 10  52,156  10  304  10  823  10  142  

 100  521,562  100  3,039  100  8,231  100  1,417  
 1,000  5,215,624  1,000  30,387  1,000  82,312  1,000  14,171  
 10,000  52,156,245  10,000  303,873  10,000  823,115  10,000  141,706  
 100,000  521,562,447  100,000  3,038,729  100,000  8,231,152  100,000  1,417,055  
Cd 10  87,770  10  511  10  1,385  10  238  

 100  877,695  100  5,114  100  13,852  100  2,385  
 1,000  8,776,954  1,000  51,136  1,000  138,515  1,000  23,846  
 10,000  87,769,539  10,000  511,363  10,000  1,385,154  10,000  238,465  
 100,000   877,695,395  100,000  5,113,631  100,000  13,851,543  100,000  2,384,648  

 

The experiments were planned based on simulation results (Table 4.5) performed to predict 

the time for breakthrough of As and Cd in each cap material using the model described on 

chapter 3 (see also Viana et al. (15)) and parameter values shown in tables 4.1 and 4.3. Hydraulic 

gradient value were selected to result on a Peclet number PL similar for a given metal and all cap 

materials.   
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Table 4.5. Time for complete breakthrough (C/C0=1) and Peclet number (PL) considering a 

0.4, 0.6, 1.8 and 0.4 cm cap thickness for sand, apatite, GAC and OC. A hydraulic gradient 

of 2, 300, 150 and 800 m m
-1

 was considered for sand, apatite, GAC and OC simulations, 

respectively. 

 Time for complete breakthrough the capping material (min) and PL 

Compound Sand Apatite GAC OC 

 t (min) PL t (min) PL t (min) PL t (min) PL 
As 110 10,500 16 9,000 14 12,000 10 11,500 
Cd 170 17,500 1800 15,500 200 20,500 800 19,000 

 

Effluent samples for each column experiment were collected in falcon tubes (Fisher 

Scientific, Pittsburgh, PA), preserved using nitric acid, sealed and refrigerated at 4° C for transfer 

to a NELAP-certified laboratory for analysis of Cd and As. The metals Cd and As were analyzed 

according to USEPA SW-846 method 6020 (258) by ICP-MS. 

The methodology proposed by Buergisser et al. (52) was used to confirm the isotherm 

behavior. The isotherm is linear if the adsorption and desorption front have exactly the same 

shape, convex (i.e. Freundlich 0<f<1 or n>1) if there is a substantial tailing in the desorption 

front or concave (i.e. Freundlich f>1 or 0<n<1) if the adsorption front is diffuse while the 

desorption front is sharp (Figure 4.3). 

 

Figure 4.3. Column experiment breakthrough curve of a step concentration change without 

dispersion effects for (a) linear, (b) convex and (c) concave isotherms (52).  
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4.4. Results and Discussion 

Adsorption Isotherm Results. As and Cd were selected for the isotherm study representing 

an anionic and a cationic metal. Compound aqueous phase concentrations were measured and 

plotted as a function of calculated solid phase concentration (Figure 4.4). Also shown are linear 

regression fits to yield the Kd as the slope of the trendline (Table 4.6). The relatively low 

coefficient of determination (R2) values demonstrate that the metals As and Cd may have non-

linear adsorption isotherms (Figure 4.4). The results demonstrate that sand and GAC have 

similar sorption capacity for As, while GAC performs significantly better than sand for Cd. 

Apatite and OC exhibited more sorption capacity than sand and GAC with OC exhibiting slightly 

higher sorption capacity for As. 

 

Table 4.6. Linear Kd  and R
2
 for contaminant-cap equilibrium isotherms. 

 As Cd 

Cap material Kd R
2 Kd R

2 
Sand 80.8 0.76 417 0.85 
Apatite 354 0.83 1787 0.86 
GAC 90.1 0.73 880 0.86 
OC 436 0.79 1819 0.78 
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Figure 4.4. Isotherm testing of aqueous concentration versus solid phase concentration with 

a linear fit of As and Cd in cap materials sand (upper left), apatite (upper right), GAC 

(lower left), and organoclay (lower right). 

 

As the linear isotherm model does not describe well the data, the Freundlich model was used 

(Figure 4.5 and Table 4.7).  
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Figure 4.5. Freundlich isotherm plots for adsorption of As and Cd in cap materials sand 

(upper left), apatite (upper right), GAC (lower left), and organoclay (lower right). 
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the data with R2≥0.95. The n values were higher for Cd, which demonstrates its higher affinity 

for the cap materials at lower concentrations and non-linear isotherm behavior.  

 

Table 4.7. Freundlich isotherm model parameters for adsorption of As and Cd in cap 

materials sand, apatite, GAC and OC. 

  As  Cd 

Cap material Log Kd n R
2 Log Kd n R

2 
 µ σ µ σ  µ σ µ σ  

Sand 1.60 0.09 1.05 0.13 0.95 1.98 0.08 1.36 0.14 0.97 
Apatite 2.43 0.04 1.20 0.07 0.99 2.59 0.07 1.34 0.12 0.98 
GAC 1.68 0.07 1.13 0.11 0.97 2.86 0.07 1.75 0.17 0.97 
OC 2.58 0.04 1.31 0.08 0.99 3.40 0.35 1.89 1.48 0.35 

 

Measured values were compared to the literature values shown in table 4.1. The Kd results 

indicate close agreement between the experimental and literature Kd values with the exception of 

As and Cd with apatite (Figure 4.6). Apatite was expected to exhibit a higher sorption capacity 

for Cd because in the apatite chemical formula (Ca5(PO4)3(OH, F, Cl)) Ca can be easily replaced 

by Cd (125, 138). Isomorphous substitution and diffusion are more likely to occur for cations 

with ionic radii close to that of Ca2+. Ca can be substituted with ionic radii between 0.80 and 

1.35 Å, which includes Cd (0.97 Å) (138). However, this was not verified in these experiments 

given the low measured Kd value for Cd with apatite compared to the literature value. On the 

other hand, the literature may be underestimating the apatite capacity to sorb As because PO4 can 

be substituted with oxyanion-forming elements with ionic radii between 0.29 and 0.60 Å, which 

includes As (0.46 Å) (138). 
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Figure 4.6. Comparison of Kd between measured and literature values. 

 

The nitrogen adsorption and desorption isotherms, porosimetry surface area and pore 

volumes for the tested cap materials are shown in figures 4.7-4.9 and table 4.8. Sand and OC 

have low surface areas of 0.41 and 1.0 m2 g-1, respectively, by BET analysis. On the other hand, 

GAC has a surface area of 1200 m2 g-1. The average pore diameter was determined to vary 

between 27 (for GAC) and 254 Å (for OC). Clearly GAC is nanoporous with a strong sorption 

capacity even in the low pressure region. A sharp adsorption occurs when the pressure is higher 

than 0.9 P/P0 for apatite and OC. The total volume of nitrogen adsorbed varied from 1.1 to 350 

cm3 g-1 STP for sand and GAC, respectively. The high surface area of GAC may have 

contributed to its higher Kd values compared to sand. However, GAC Kd values for As and Cd 

are still lower than the OC ones (Table 4.7). This is likely due to the modification of clay to 

increase its ion exchange capacity, which increases its efficiency to sorb metal contaminants. 
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The smectite group is a particularly promising clay group to use in metal sequestration. Clay 

minerals that have properties mainly governed by smectites are known as bentonites, where the 

montmorillonite smectite sub-group is the major constituent. This kind of clay usually presents 

the highest cation exchange capacity. Additionally, this kind of clay facilitates insertion of large 

ion species into the lattice, which act as pillars, propping apart the clay layers and creating a 

micropore system increasing its surface area (165). Ions, such as Na and Ca, can be exchanged 

for cations like Cd (85). This would help to explain the high Kd for Cd in OC. 

  

 

Figure 4.7. N2 adsorption and desorption isotherms for active capping amendments sand 

(upper left), apatite (upper right), GAC (lower left), and organoclay (lower right). Y axes 

have different scales. Note hysteresis in the desorption isotherms. 
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Table 4.8. Porosimetry surface area and pore volumes for active capping amendments. 

 Sand Apatite GAC Organoclay 

BET SA (m2 g-1) 0.412 12.5 1200 1.00 
17-3000 Å SA1  (m2 g-1) 0.465 15.1 207 1.34 
External SA2 (m2 g-1) 0.355 13.6 40.4 0.98 
Micropore SA2  (m2 g-1) 0.057 0 1170 0.022 
Micropore PV2  (cm3 g-1) 2.7x10-5 0 0.48 0 
17-3000 Å PV1  (cm3 g-1) 1.7x10-3 0.047 0.14 0.0085 
Avg. Pore Diameter1 (Å) 142 125 27 254 
1-BJH method using standard Halsey equation 
2-t Plot method using Harkins and Jura equation 
 

  

  

Figure 4.8. Cumulative pore area versus pore diameter from N2 adsorption isotherms for 

active capping amendments sand (upper left), apatite (upper right), GAC (lower left), and 

organoclay (lower right). Y axes have different scales. Pore surface areas calculated from 

BJH standard Halsey equation. 
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Figure 4.9. Cumulative pore volume versus pore diameter from N2 adsorption isotherms 

for active capping amendments sand (upper left), apatite (upper right), GAC (lower left), 

and organoclay (lower right). Y axes have different scales. Pore volumes calculated from 

BJH standard Halsey equation. 
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and for the As breakthrough curve in the column with apatite (Figures 4.10 and 4.11). This 

suggests a convex isotherm with n>1 (52), which is in agreement with the obtained log Kd values 

using the Freundlich model. The As breakthrough curve for the column with sand exhibited the 

same shape for the adsorption and desorption front, indicating the isotherm is linear. Indeed, The 

Freundlich n is very close to 1.0 (1.05±0.13) confirming the isotherm linearity.  

 

  

  
Figure 4.10. Arsenic breakthrough curve (C/Co) with pulse input in active capping column 

of sand (upper left), apatite (upper right), GAC (lower left), and organoclay (lower right). 

Note different X axes scales. 
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Figure 4.11. Cadmium breakthrough curve (C/Co) with pulse input in active capping 

column of sand (upper left), apatite (upper right), GAC (lower left), and organoclay (lower 

right). Note different X axes scales. 
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Overall agreement between the literature-derived model simulations and the simulations 

performed with measured parameters was achieved for most metals and cap material 

combinations, although the literature-derived model simulation graphs exhibit higher 

uncertainties likely due to the higher standard deviations for the literature Kd values and some of 

the cap parameters (Figure 4.12 to 4.15). Overall, the sand cap performed best under diffusion 

due to the greater diffusive path length. Apatite and sand performed relatively poorly for Cd in 

the model simulations performed with measured parameters in comparison to the literature-

derived simulations. This can likely be explained by lower measured log Kd values (2.6 and 2.0 

for apatite and sand) in comparison to literature values (3.5 and 2.6 for apatite and sand). 
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Figure 4.12. Comparison between simulations performed with measured parameters (a, b, 

c) and literature-derived model simulations (d, e, f) for As under diffusion conditions. 
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Figure 4.13. Comparison between simulations performed with measured parameters (a, b, 

c) and literature-derived model simulations (d, e, f) for As under advection conditions 

(dh/dx=0.005). 
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Figure 4.14. Comparison between simulations performed with measured parameters (a, b, 

c) and literature-derived model simulations (d, e, f) for Cd under diffusion conditions. 
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Figure 4.15. Comparison between simulations performed with measured parameters (a, b, 

c) and literature-derived model simulations (d, e, f) for Cd under advection conditions 

(dh/dx=0.005). 
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4.5. Conclusions and Implications 

The metal Cd likely has non-linear adsorption isotherm behavior with all cap materials. This 

is demonstrated by the relatively low R2 values for the linear equilibrium partitioning isotherm 

model and the statistically significant different from one Freundlich n values. Additionally, the 

substantial tailing in the desorption front for the Cd breakthrough curve in the column with GAC 

and for the As breakthrough curve in the column with apatite suggests a convex isotherm with 

n>1. The Kd values increase for As in the following order for the tested cap materials: 

sand≅GAC<AP≅OC. Although none of the caps exhibited a high sorption capacity for As, OC 

and apatite performed clearly better than sand and GAC. The Kd results indicate close agreement 

between the experimental and literature Kd values with the exception of As and Cd with apatite. 

Surprisingly, apatite exhibited a relatively low sorption capacity compared to OC for Cd. Apatite 

was expected to exhibit a higher sorption capacity for Cd because Ca can be easily replaced by 

Cd in the apatite chemical formula (125, 138).  

Not unexpectedly, apatite performed very well for Cd in the column study with full 

breakthrough after 12000 pore volumes. Sand did not exhibit such a poor sorption capacity as 

expected for Cd with full breakthrough after 4000 pore volumes. Based on the column 

experiment results, GAC performed poorly for both As and Cd. 

The results from simulations performed with measured Kd and cap parameters compared to 

literature-derived model simulations demonstrate the need for uncertainty analysis, which is 

driven primarily by sediment chemistry that greatly affects Kd and the variety of cap materials 

with different permeabilities. The measured Kd values under realistic field conditions 

(circumneutral pH and close to anaerobic conditions) contribute to reduce uncertainties in 

parameters used for project design to a level more acceptable in managing risk. 
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CHAPTER V. PRE-CAPPING CHARACTERIZATION 

 

This chapter is reproduced with permission from Viana et al. (130). Copyright (2007) Land 

Contamination & Reclamation Journal. Apart from fair dealing for the purposes of research or 

private study, or criticism or review, material published in the journal Land Contamination & 

Reclamation may not be reproduced, stored in a retrieval system or transmitted in any form or by 

any means, electronic, mechanical, photographic or otherwise, without the prior permission in 

writing of the publisher. This material may be found at:  

http://epppublications.com/879abstract.aspx 

I worked on this project with the students Ke Yin and Xiuhong Zhao from the 

Environmental Engineering Laboratory of Professor Rockne at the University of Illinois at 

Chicago. The research included sample collection in the field and laboratory sediment 

characterization envisioning the installation of a demonstrative active capping project in the 

turning basin of Bubbly Creek, Chicago, IL. The University of Illinois graduate college 

guidelines allow the inclusion of first-authored publications in the body of the PhD dissertation. 

 

5.1. Abstract 

Sediments in “Bubbly Creek” located in the South Fork of the South Branch of the Chicago 

River (Illinois, USA) were characterized for selection of amendments for an active capping 

demonstration project. Bubbly Creek is a 2000 m creek that starts at the Racine Avenue pumping 

station (RAPS), the largest sewage pumping station in the world at the time it was built. During 

large storm events, the RAPS can discharge up to 175 m3 s-1 of combined storm and wastewater 

into the creek. These high flow rates result in large shear flows on the sediment. Both heavy 
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metal levels (up to 900, 2900 and 6200 mg kg-1 of Pb, Cr and Zn, respectively) and polycyclic 

aromatic hydrocarbons (up to 3300 mg kg-1) were identified as contaminants of concern in the 

creek sediments. A complicating issue in the creek is the copious gas ebullition from organic 

matter biodegradation in sediments. These gases can open advective channels that may result in 

substantial pollution release and compromise cap effectiveness. The capping project is proposed 

to be carried out in conjunction with overlaying wetlands in the shallow regions of the creek to 

remove nutrients from the river and pollutants discharged from combined sewer outflows. Metal 

and organic contaminant sequestration and oxidizing agents coupled with a gas collection system 

will be evaluated and compared to a sand reference cap.  

 

5.2. Introduction 

Prior to the enactment of the Resource Conservation and Recovery Act in 1976 and the 

Comprehensive Environmental Response, Compensation and Liability Act in 1980, 

indiscriminant releases of contaminants to the air, water and soil were largely unregulated and 

led to substantial pollution of the environment. Contaminants like polycyclic aromatic 

hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs) accumulated on the bottom of 

rivers and lakes due to their hydrophobicity and relatively long environmental persistence. 

Contaminated sediment remedial alternatives include dredging, in situ capping with sand or 

clean sediment and active capping (5-7). Like normal capping, active capping is also subject to 

contaminant migration through the cap. However, the selection of appropriate active materials 

and cap thicknesses can minimize contaminant flux to the water column to levels that are not 

significant from a risk standpoint; even with significant advective sediment-to-water-column 

porewater fluxes. A detailed evaluation of in situ conditions is vital to guarantee cap 

effectiveness. Before choosing the active capping material, site characterization including 
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sediment depth, organic matter and organic carbon content, contaminant concentration, presence 

of outfalls and other hydraulic structures, is necessary for cap design. Relevant geotechnical 

properties such as shear strength, compressibility, unit weight and water content should be taken 

into account. Further, scouring of the cap may occur due to high flow velocities in the overlying 

water column during discharge events.  

The site of the present study is known as “Bubbly Creek.” Bubbly Creek is the South Fork 

of the South Branch of the Chicago River, connecting with the main south branch of the Chicago 

River at the turning basin. In the early-1900’s, Bubbly Creek became a notorious open sewer as 

industrial effluents went directly into the stream, as well as wastes from the adjacent stock yards 

(263). Although direct wastewater discharge is prohibited now, the creek still is impacted by 

combined sewer outflow (CSO) effluent on an approximately monthly basis from the Racine 

Avenue pumping station (RAPS). Although these flows can be quite large, up to 175 m3 s-1 in the 

46 m wide creek, the water in Bubbly Creek is normally stagnant and susceptible to gas 

ebullition events. The City of Chicago is interested in remediating this historical waterway to 

provide additional green space to the Canal Origins Park and newly developed residential 

housing in the area as it transitions from industrial to mixed-residential. Towards this goal, a 

field scale active capping demonstration project is being implemented for the turning basin by 

our research group in collaboration with the Metropolitan Water Reclamation District of Greater 

Chicago (MWRD), the Wetlands Initiative (TWI), the US Army Corps of Engineers (USACE) 

and the City of Chicago Department of the Environment (DOE).  

  



 

5.3. Materials and Methods 

Sampling of Bubbly Creek was performed onboard the MWRD RV 

November 2005. A total of 15 sediment cores and 13 surface grabs were collected (Figure 

Four of the cores were full depth to the clay/hardpan layer at a mean depth of 8 m below water 

surface and the remainder were partial cores to a depth of 2 m below the sediment

interface. A field technician pushed a 2 m x 5 cm diameter plastic core tube into 

situ to retrieve intact cores. The cores were sectioned in the field into 20 cm intervals and placed 

in clean 250 mL glass sample jars with Teflon

samples were obtained using a nine inch (

plastic buckets (5 L, Fisher Scientific, Pittsburgh, PA) and stored in the refrigerator (4° C) until 

analysis. 

Figure 5.1. Aerial view at the Bubbly Creek turning basin. Highlighted are selected core 

(C) and surface grab (SG) locations from the current study. Also shown are MWRD 

sampling stations and the site of a core sample taken by the USACE

location map courtesy of Wetlands Initiative.
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November 2005. A total of 15 sediment cores and 13 surface grabs were collected (Figure 
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surface and the remainder were partial cores to a depth of 2 m below the sediment

interface. A field technician pushed a 2 m x 5 cm diameter plastic core tube into 

to retrieve intact cores. The cores were sectioned in the field into 20 cm intervals and placed 

in clean 250 mL glass sample jars with Teflon® caps (Fisher Scientific, Pittsburgh, PA). The grab 

samples were obtained using a nine inch (23 cm) stainless steel dredge and placed in gasketed 

plastic buckets (5 L, Fisher Scientific, Pittsburgh, PA) and stored in the refrigerator (4° C) until 
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November 2005. A total of 15 sediment cores and 13 surface grabs were collected (Figure 5.1). 

he cores were full depth to the clay/hardpan layer at a mean depth of 8 m below water 
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C) and surface grab (SG) locations from the current study. Also shown are MWRD 
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Sediment samples were volumetrically sampled from thoroughly homogenized interval 

segments using a 3 cm3 syringe as described by Buckley et al. (265). Sediment samples were 

weighed on a tared, clean disposable aluminum tray and dried (105 °C, 48 hr). Wet bulk density, 

percent moisture, dry bulk density, percent solids, organic carbon (OC) and organic matter (OM) 

were analyzed (265). Anion concentrations in filtered (0.45 µm) pore water were measured by 

ion chromatography (Dionex IC25, Sunnyvale, CA) as described previously by Rockne and 

Brezonik (266).  

The 16 EPA priority-pollutant PAHs were extracted from the sediments using a modified 

Soxhlet extraction method. Wet sediment was ground with anhydrous Na2SO4 to complete 

dryness. The dehydrated sample was transferred to a Whatman cellulose thimble (33 mm x 94 

mm, Fisher Scientific, Pittsburgh, PA) and spiked with known amounts of PAH surrogate 

phenanthrene-D10 (Supelco, Bellefonte, PA). The sediment was then extracted as described in 

Song et al. (267) in a Soxhlet extractor (Fisher Scientific, Pittsburgh, PA) for 24 hr in 150 mL 

1:1 (v/v) hexane:acetone mixture. The extract was then cleaned-up by elution through a glass 

column (30 cm, 1.9 cm i.d. with 250 mL reservoir, Fisher Scientific, Pittsburgh, PA) filled with 

20 g of fully activated silica gel (100-200 mesh, Fisher Scientific, Pittsburgh, PA) and 

dichloromethane to obtain a 1:1 (v/v) hexane:dichloromethane mixture in the column. Extracts 

were concentrated on a Kuderna-Danish (K-D) concentrator (Fisher Scientific, Pittsburgh, PA) to 

approximately 5 mL. The volume of sample was then brought up to 10 mL by adding clean 

solvent. PAH internal standards anthracene-D10, triphenylmethane, benz(a)anthracene-D12 and 

perylene-D12 (Supelco, Bellefonte, PA) were added to the sample before analysis by gas 

chromatography mass spectrometry (GC/MS) in EI mode on an Agilent 6890 GC coupled to an 

Agilent 5973 mass selective detector. Separation was achieved using an HP-5 MS fused silica 
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capillary column (30 m x 0.25 mm i.d.; 0.25 µm film thickness) and a 5 µL injection volume. 

The injector temperature was 250° C. The initial column temperature was 50° C, followed by a 

temperature increase of 10° C min-1 to a temperature of 180° C, a temperature increase of 6° C 

min-1 to a temperature of 250° C and a temperature increase of 3° C min-1 to a temperature of 

300° C and kept for 5 min. Helium was used as the carrier gas. 

Polychlorinated biphenyls (PCBs) data were obtained from a complete composited sediment 

core taken in the center of the turning basin by the USACE (264). PCBs were analyzed for total 

and specific aroclors using USEPA SW-846 method 8082. Heavy metal levels were performed 

by a contract laboratory for the MWRD according to USEPA SW-846 method 6010B (268). 

Gas production assays were performed with surface sediment grab samples homogenized 

(100 ml) and placed into stoppered serum bottles (125 mL, Fisher Scientific, Pittsburgh, PA). 

The bottles were sparged with N2 gas and sealed for quiescent incubation at 5°, 20°, 25° or 35° C 

upside-down to prevent gas release. Gas production was measured at time points by volume 

displacement using a 10 cm3 syringe and the gas phase composition was determined by 

isothermal gas chromatography with thermal conductivity detection (SRI instruments 9300B, 

Torrance, CA). The column temperature was maintained at 80°C for five minutes with Helium 

carrier gas. 

To better understand the relative efficacy of selected cap materials for containing and/or 

degrading organic and metal pollutant mixture, simulations were performed as described in Yin 

et al.(129). Five capping materials and 22 contaminants were used in the simulations. 

Performance (as defined by breakthrough curves) was assayed under diffusion only as follows 

(194): 
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Where c(x,t) is the breakthrough porewater concentration of contaminant (mg L-1) at the top 

of the cap of thickness x at time t (yr); co is the initial concentration of contaminant in the 

sediment porewater (mg L-1); R is the retardation factor (unitless); Dobs is observed diffusivity 

(m2 yr-1); Dmol is the molecular diffusivity (m2 yr-1) and τ is the tortuosity of the cap media 

(unitless). All parameters were assumed according to Yin et al. (129). 

The mean and maximum depth of scour was calculated to estimate scouring potential of a 

sand cap in the creek. The equations for maximum and mean scour depth as a function of cap 

particle size are as follows (223): 

115.0
50max, 5.6 −= DDs                                                                       (5.3) 

115.0
50, 42.1 −= DD means                                                                    (5.4) 

Where D50 refers to the median diameter of the sand cap material, estimated to be 0.6 mm 

for a sand cap. 

Although these equations were developed primarily for non-cohesive (i.e. sand and gravel) 

soils and the sediments in Bubbly creek are dominated by cohesive silts and clays (>60%), these 

results can help us understand the possibility of cap scouring at the creek. The water flow 

velocity in the 21 channels used to obtain equations 3 and 4 varied from 1.2 to 2.3 m s-1 (223) 

and turning basin velocities during peak discharge are within this range. 

The critical velocity for initiation of particle suspension in the turning basin was obtained 

from the data in van Rijin (224). The mean water depth in Bubbly Creek was used for calculation 
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of the critical velocity with a D50 of 6 mm as before. There is a strong likelihood for severe 

erosion if water column velocities frequently exceed the critical velocity for initiation of 

suspension.  

 

5.4. Results and Discussion 

The water depth in the Bubbly Creek turning basin (BC TB) ranged from 0.9 to 4 m; 

increasing from the east and south shore to the creek center with a mean depth of 2.6 m. The 

mean depth from water surface to clay hardpan was 8 m. The estimated total sediment volume is 

85,000 m3 in the turning basin. The temperature of the sediment surface core samples varied 

from 10 to 16.5° C and the water temperature during sample collection was 16° C. Bulk analysis 

of a homogenized entire sediment core by the USACE (264) reported that gravel accounts for 

2.3% of the solids by mass, with sand, silt and clay accounting for the remaining 32.5, 35.5 and 

29.7% of mass, respectively. 

An extensive characterization of the solid and moisture content, organic matter and organic 

carbon content and anion concentration (mainly nitrate and sulfate) was performed. The physical 

parameters, organic content and PAH results described here are for core samples collected at the 

four corners of the turning basin (cores 2, 5, 13 and 16). Cores 2, 13 and 16 (Figure 5.1) are 

mainly composed of silty mud in the top, transitioning to silty-clay at the bottom. Core 5 is 

mainly sandy mud at the top transitioning to silty-clay at the bottom. A pronounced naphthalene 

smell was observed in cores 5, 13 and 16. 

Moisture, percent solids and porosity in the sediment cores are shown in Figure 5.2. The 

moisture content of the samples in general decreased with depth and varied from 42.9% to 66.7% 

(the mean moisture content was 55.4 ± 5.2%). Porosity reflected the same behavior, with a mean 
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value of 76.5 ± 4.0%. The wet and dry bulk density and particle density were 1.3 ± 0.1, 0.6 ± 0.1 

and 2.4 ± 0.04 g mL-1, respectively. 

 

 
Figure 5.2. Percent solids, moisture and porosity versus depth below sediment-water 

interface for cores 2, 5, 16 and 13 sampled in the Bubbly Creek turning basin. Core 

locations are shown in Figure 5.1. 

 

Sediment OM and OC for cores 2, 5, 13 and 16 are shown in Figure 5.3. OM varied from 

10.4 to 22.0%, with a mean ± standard deviation of 15.3 ± 2.6%, while OC varied from 11.0 to 

19.1% (mean ± standard deviation of 14.7 ± 1.7%). These results are typical for carbon-rich, 

highly reduced near shore sediments. 

PAH data are shown in Figure 5.4. Seven of the 16 measured PAHs are classified as 

probable human carcinogens (269): benz[a]anthracene (BaA), benzo[b]fluoranthene (BbF), 

benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), chrysene (Chry), dibenz[a,h]anthracene 
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(DahA) and indeno[1,2,3-cd]pyrene (IcdP). Due to their much higher human health impacts (and 

concomitantly higher risk), we have focused on these compounds here. 

 

 

Figure 5.3. Organic matter and organic carbon versus depth below sediment-water 

interface for cores 2, 5, 13 and 16 in the Bubbly Creek turning basin. Core locations are 

shown in Figure 5.1. 

 

Although surficial total PAH concentrations are typically below 100 mg kg-1, deeper 

sediments have much higher PAH concentrations, even exceeding 1000 mg kg-1 near the 

clay/hardpan layer (Figure 5.4). The concentration profile clearly shows that older sediments 

deposited in the beginning of the last century were highly polluted with PAHs (the clay/hardpan 

layer represents the original construction of the turning basin in the late 1800’s). The creek has 

received large amounts of organic and inorganic pollution from industrial waste runoff, as well 

as stormwater and CSO discharges (264).  
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Figure 5.4. Carcinogenic and total PAH concentrations versus depth below sediment-water 

interface for cores 2, 5, 13 and 16 in the Bubbly Creek turning basin. Note the logarithmic 

scale. Core locations are shown in Figure 5.1. 

 

Mean sediment PAH levels for all core samples were compared to National Oceanic and 

Atmosphere Administration (NOAA) guidelines for contaminated sediments (270). NOAA 

guideline values are for preliminary screening purposes in freshwater sediment for upper effects 

threshold (UET), defined as the lowest concentration above which adverse biological impacts 

would always be expected due to exposure to that concentration alone. With the lone exception 

of benzo[k]fluoranthene, all other PAHs were present in turning basin sediments at much higher 

concentrations than the NOAA UET guidelines (Figure 5.5). 
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Figure 5.5. Mean PAH concentrations in all Bubbly Creek turning basin (BC TB) core 

samples compared with NOAA guidelines for upper effects threshold levels (UET) for 

freshwater sediments (270). Note logarithmic scale on the y axis. 

 

The total PAH mass in the turning basin sediment is estimated to be 6,600 kg. These 

elevated PAH levels suggest the necessity for active cap amendments with high organic sorption 

capacity. Granular activated carbon (GAC), organo-clay and coke have all been proposed as 

potentially good sequestration agents capable of reducing release and breakthrough of PAHs 

through the cap. 

Total and specific aroclor concentrations are shown in Figure 5.6. Although the Illinois 

Environmental Protection Agency (IEPA) does not have criteria for specific aroclors, the total 

PCB levels in the turning basin exceed the “extreme elevated” (EE) criterion used by IEPA (30) 

(Figure 5.6).  
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Figure5.6. Total and specific aroclor concentrations of a complete composited sediment 

core from USACE (264) compared to the IEPA criterion to classify stream sediments (30). 

Note logarithmic scale on the y axis. Core location is shown in Figure 5.1.  

 

Heavy metal levels in Bubbly Creek sediments are shown in Figure 5.7. Comparing 

pollutant levels with both toxic threshold limit concentrations (TTLC) provided by the State of 

California Assessment Manual (CAM) (271) and EE values used by IEPA (30), demonstrate that 

heavy metal concentrations in the turning basin sediment may present a threat to ecological 

and/or human health. Although no metal exceeds CAM criteria, Cr, Cu, Pb, Zn and Hg are all 

well above IEPA EE criteria. These elevated metal concentrations suggest the necessity for 

active capping amendments able to bind metals into insoluble and/or non-bioavailable phases. 

Apatite would be an option as it sequesters metals by continuously supplying phosphate to 

solution to exceed the solubility limits of various metal-phosphate phases (e.g. pyromorphite and 

autunite for Pb).  
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Figure 5.7. Total and specific metal content in Bubbly Creek turning basin sediments. 

Turning basin data compared to IEPA stream sediment classification (30) and CAM toxic 

threshold limit concentrations (TTLC) criteria (271). Note logarithmic scale on the y axis. 

Locations of samples are shown in Figure 5.1. 

 

The presence of both heavy metal and hydrophobic organic contaminants at levels of 

concern necessitate selection of capping materials effective at combined treatment of mixtures. 

Therefore, GAC, coke, shredded tires and organo-clay were investigated as possible cap 

materials. Although apatite is reported to be an effective amendment for metal sequestration, our 

preliminary simulations suggest it is less effective for organic contaminant sequestration than 

GAC is for metal sequestration. The time for breakthrough of over 20 different contaminants in 

different cap materials under different environment conditions was modeled as in Yin et al. 

(129).  

Figure 5.8 is an example of diffusive transport of phenanthrene, pyrene and Pb (at pH 4 and 

9) in different cap materials. The effects of porewater pH on the breakthrough of the pH sensitive 

metals Pb, Cr and Cd were studied. It was observed that the time needed for breakthrough will be 
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longer for higher molecular weight PAHs like pyrene than for lower molecular weight PAHs like 

phenanthrene. Similar behavior was observed for more highly chlorinated PCBs. The results 

clearly demonstrate that cap thickness is the most important parameter determining breakthrough 

time for metals; even more than choice of cap material (Figure 5.8). 

 

 

Figure 5.8. Breakthrough concentration of phenanthrene, pyrene and Pb (at pH 4 and 9) in 

different cap materials (25 cm sand, 2 cm organoclay, 10 cm shredded tire, 2 cm apatite 

and 2 cm GAC) under static conditions. Also shown is the transport of a conservative 

tracer in the sand cap for comparison. Note logarithmic scale on both axes. 
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As noted in the introduction, cap integrity is dependent upon cap scouring by hydraulic 

forces and gas ebullition due to methanogenic degradation of organic matter. Because Bubbly 

Creek has high surface water velocities during RAPS discharge events, we analyzed erosion 

effects considering a predicted maximal velocity of 2 m s-1. With this value, the mean scour 

depth for a sand cap would be 1 m; and depths exceeding 2 m could be reached without 

sufficient armoring. Moreover, the critical velocity for initiation of suspension was 0.7 m s-1; 

well below maximal velocities expected during a discharge event. These results indicate that 

armoring of the site must be considered; particularly in the main channel where the highest 

velocities were predicted to occur. More detailed data collection and modeling efforts are being 

undertaken to determine more precisely the erosion potential in the creek proper. 

Experiments to measure gas production rates in two sites along the creek were performed as 

a function of temperature and modeled using the Arrhenius equation. The results show that gas 

production varied substantially as a function of temperature, but not with site location. The 

biogenic gas production reaction rate constant k was calculated for each site assuming a zero 

order rate law (other rate laws were considered but did not fit the kinetic data). Rate constants 

were plotted on an inverse temperature Arrhenius plot to obtain the activation energy for 

methanogenesis (Ea) as in Viana et al. (272). The mean Ea of methanogenesis was 42.5 ± 8.1 kJ 

mol-1. These results are comparable to methanogenic Ea values reported in the literature (273-

275), which range from 27 to 138 kJ mol-1. The lowest observed Ea values were with simple 

defined substrates (phenol) and the higher values were reported with more complex organic 

compounds like fulvic acids and humic acids commonly found in peat soil. 

Using these kinetic data, we were able to predict the amount of gas that could be produced 

during an entire year for the upper 1 m of sediment (the most active zone with the greatest 
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ebullition potential) and decide whether gas control systems would be necessary. Even though 

neither site produced gas in excess of its own volume on an annual basis, the amount of gas 

produced was still considerable (Figure 5.9). It is entirely possible that the sediment will be 

disturbed during cap placement and it may stimulate higher rates of gas production. Therefore, 

gas control will likely be adopted for this site to ensure cap integrity. 

A further important consideration is the composition of the biogenic gas. The ratio of 

methane to carbon dioxide in biogenic gas produced from the BC TB sediments is also shown in 

Figure 5.9. The CH4/CO2 ratio was clearly affected by temperature. These results suggest 

strongly that changes in microbial community composition took place as a function of incubation 

temperature. Hydrogenotrophic methanogens produce only methane (while consuming CO2 and 

H2), while acetoclastic methanogens produce CH4 and CO2. The finding that lower CH4/CO2 

ratios were observed in sediment incubated at lower temperatures suggests the dominance of 

acetoclastic methanogens at lower temperatures, while hydrogenotrophic methanogens become 

dominant at higher temperatures, thus increasing the CH4/CO2 ratio. 

 

 

Figure 5.9. Estimated annual volumetric gas production (m
3
 m

-3
 of sediment) and CH4/CO2 

ratio of biogenic gas produced in Bubbly Creek turning basin surficial sediments. Site 

locations are shown in Figure 5.1. 
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The conceptual design for the Bubbly Creek active capping demonstration project is shown 

in Figure 5.10. The focus of the design is on the sequestration of both metal and organic 

pollutants. The impact of high flows on cap scouring will be determined by having both a sub-

aqueous area exposed to high shear flows and an enclosed wetland covered area. Four capping 

strategies will be used in both the enclosed and open areas: sand, GAC/geotextile, apatite/clay 

and nitrate-salt amended. Each treatment will address different mechanisms for active capping; 

sand as the reference site, GAC for organic sequestration (our simulations suggest it will not 

work well in sequestering heavy metals), apatite/clay for metals and hydraulic barrier and nitrate 

to stimulate anaerobic biodegradation of organics and oxidation of sulfides. Dry active capping 

materials will be sandwiched between geotextile fabric layers overlain on the contaminated 

sediments. An overlying permeable sand layer will then be placed on top of the active capping 

material and covered with a highly permeable GeoNet layer to facilitate lateral gas transport. 

This will allow evolved biogenic gas to be captured and channeled to the side shoreline. On top 

of the GeoNet will be wetland fill in the shallow zones near shore (Figure 5.10). The purpose of 

the wetland is to provide habitat and nutrient removal for the Chicago River water diverted 

through the wetland. During construction, monitoring tubes will be placed on top of the 

sediment, on top of the active capping layer and on top of the permeable sand layer to provide 

long term continuous monitoring of contaminant release. A walkway will be developed on the 

separation between the wetland and sub-aqueous cap areas to allow public use and monitoring of 

the facility following construction.  
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Figure 5.10. Capping demonstration project at the Bubbly Creek turning basin. 

Subaqueous cap is represented by dashed lines and wetland covered cap by solid lines in 

the shallow near shore zone. Base satellite photo from Google – Map data© 2007 

NAVTEQ
™

. 

 

5.5. Conclusion 

Characterization of the sediments at the Bubbly Creek turning basin showed the presence of 

mixed heavy metal and organic contamination. Concentrations of Pb, PCBs and PAHs were as 

high as 900 mg kg-1, 2.3 mg kg-1 and 3270 mg kg-1, respectively. These concentrations exceed 

both IEPA criteria for stream sediments and NOAA guidelines for preliminary screening 

purposes in freshwater sediment. Four different active capping strategies will be employed (sand, 

GAC/geotextile, apatite/clay and nitrate-salt amended) in both a sub-aqueous area exposed to 

higher shear flows during RAPS discharge events and an enclosed wetlands covered area. Long 

term flux monitors will be employed in conjunction with cap construction to allow detailed 

examination of cap component effectiveness.  
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CHAPTER VI. FIELD MEASUREMENTS AND MODELING OF EBULLITION-

FACILITATED FLUX OF HEAVY METAL AND PAH CONTAMINANTS FROM 

SEDIMENTS TO THE WATER COLUMN 

 

I worked on this project with the student Ke Yin from the Environmental Engineering 

Laboratory of Professor Rockne at the University of Illinois at Chicago. The research included 

field work in 14 sites in the Chicago River, IL. Gas ebullition due to methanogenic activity and 

ebullition-facilitated contaminant transport were investigated. Models were also developed to 

predict ebullition-facilitated contaminant release and compare these predictions to literature values. 

 

6.1. Abstract 

Metal and polycyclic aromatic hydrocarbon (PAH) transport from the sediment to the water 

column due to gas ebullition was investigated in 14 urban waterway locations. Ebullition-

facilitated fluxes were surprisingly large for both contaminant classes, with fluxes up to 18, 2.5, 5, 

20 and 450 mg m-2 d-1 for Pb, Cr, Ba, Zn and Fe, respectively, and up to 11, 44, 3, 52 and 31 mg m-

2 d-1 for anthracene, fluoranthene, naphthalene, phenanthrene and pyrene, respectively. The 

magnitude of the ebullition-facilitated measured fluxes indicates that gas ebullition is an important 

pathway for release of both PAHs and heavy metals from buried sediments in urban freshwater 

systems. Mechanistic and empirical models were developed to predict in situ gas ebullition flux 

and ebullition-facilitated contaminant flux. Results from both multivariate regression analyses and 

a mechanistic model suggest that metal transport likely is due to sediment particle re-suspension, 

while PAH transport is due to both contaminant partitioning to gas bubbles and to sediment re-

suspension.  
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6.2. Introduction 

Gas ebullition due primarily to methanogenic activity in sediments is an important mechanism 

of contaminant transport in sediments (3-4, 17-19). Because gas bubbles are hydrophobic, 

hydrophobic contaminants from sediment porewater tend to partition into the gas phase and to sorb 

onto the bubble interface, leading to contaminant transport from the sediment to the water column 

and atmosphere. Gas bubbles also facilitate the transport of contaminants to the water column by 

causing sediment re-suspension. Ebullition-facilitated sediment re-suspension may be as or more 

significant a mechanism of contaminant transport than bubble-porewater contaminant partitioning 

(3, 19). Although contaminant transport from sediments by diffusion and advection has been 

extensively investigated, comparatively less is known about contaminant transport due to gas 

ebullition. Understanding and quantifying this contaminant transport mechanism is key to enable 

prediction of the total contaminant transport from sediments to the water column. 

Ebullition has also been investigated due to its negative impact on capping performance. 

Several capping projects have recently been implemented for remediation of contaminated 

sediments as an alternative to dredging, including the Anacostia River in Washington, DC (10), the 

McCormick and Baxter Creosote Superfund Site in Portland, OR (11), the Grasse River in 

Massena, NY (12), and Stryker Bay in Duluth, MN (13). Although it has been demonstrated that 

capping is effective at minimizing release of contaminants to the water column (14-16), gas bubble 

migration may cause cap damage and a pathway for contaminant release (10, 17). 

Widely varying gas production fluxes have been reported in the field. Tanner et al. (199) 

observed methane fluxes varying from 0.07 to 0.67 L m-2 d-1 for a wetlands used to treat 

wastewater. Sovik et al. (200) measured gas production in ten constructed wetlands, with fluxes of 

methane and carbon dioxide up to 53 and 47 L m-2 d-1, respectively. Ostrovski et al. (201) reported 

a flux of 0.23 L m-2 d-1 from hypolimnetic sediments and Hughes et al. (202) observed gas 
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production fluxes of 2.7 L m-2 d-1 on a laboratory study with sediment from the Anacostia River, 

Washington, DC.  

There are comparatively few studies investigating organic contaminant transport due to gas 

ebullition (3, 19-21). Hulls and Costello (206) observed that polycyclic aromatic hydrocarbons 

(PAHs) are transported to the water column due to groundwater advection and gas ebullition in 

bench tests with sediment from Stryker Bay. Fendinger et al. (20) reported that sediment organic 

contaminant transport is likely a function of gas ebullition rate, Henry’s law constant, and 

porewater contaminant concentration. According to the authors, organic contaminant partitioning 

occurred mainly between sediment gas and porewater; whereas partitioning between the solid and 

gas phase was negligible due to the high water content of sediments. Particle re-suspension was 

not considered in this study.  Re-suspension is potentially an important mechanism for sediment 

release of PAHs because organic-rich sediment particles are more readily suspended (276); and 

these particles contain much higher levels of more toxic high molecular weight PAHs (259, 277). 

More recent studies have included re-suspension by gas ebullition as a transport mechanism (19). 

In contrast to the case with organic contaminants, to our knowledge, almost no studies have 

investigated the role ebullition plays in facilitating metal release from sediments. The objective of 

this study was to quantify the magnitude of organic and metal contaminant facilitated transport due 

to gas ebullition at numerous urban waterway sites with wide variation in physical, chemical, and 

contamination characteristics. A second objective was to develop models to predict ebullition-

facilitated contaminant release and compare these predictions to literature values (3, 19, 278-279). 
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6.3. Materials and Methods 

Sediment sampling and analysis. Sediment sampling of Collateral Channel (CC) off the 

Chicago Sanitary and Ship Canal, the South Fork of the South Branch of the Chicago River, 

colloquially known as “Bubbly Creek” (BC-CDM), and the Chicago River turning basin (BCTB) 

was conducted onboard the Metropolitan Water Reclamation District (MWRD) vessel PC1 in 

September 2005, November 2005 and July 2008, respectively. There is a combined sewer Outfall 

(CSO) on the northern terminus of CC that released storm and wastewater in the channel for 

several decades (280). BCTB is adjacent to the Canal Origins Park and is located in a newly 

developed residential housing area, which is changing from industrial to mixed-residential (130). 

BC-CDM is impacted by CSO effluent on an approximately monthly basis from the Racine 

Avenue pumping station (RAPS). Detailed description and location of this sites can be found 

elsewhere (130, 281). A total of five whole core samples from the sediment surface to the 

clay/hardpan layer (6-7 m below water surface at all sites) and five surface grab (SG) samples 

were collected at CC (280), four whole cores and four SG samples at BCTB, and five whole core 

and five SG samples at Bubbly Creek (130, 264). 

Sediment wet bulk density, dry bulk density, percent solids, percent moisture, porosity, 

organic carbon (OC), organic matter (OM), and chemical oxygen demand (COD) were measured 

as described previously (130). Sediment metals and PAHs were analyzed by a National 

Environmental Laboratory Accreditation Program (NELAP) certified laboratory. PAHs were 

extracted according to USEPA SW 3550B and analyzed by gas chromatography-mass 

spectrometry single ion mode by SW 8270C-SIM (258). Samples were prepared for metals 

analysis by acid digestion according to USEPA method SW 3050B and analyzed by inductively 

coupled plasma-mass spectrometry using method SW 6020A (258). 
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Gas collection and analysis. Gas collection systems were constructed as described in Viana et 

al. (4). The system consisted of a funnel of known area that directs gas bubbles through a glass 

wool contaminant trap on the interior. A second glass wool trap was maintained on the exterior of 

the funnel, shielded from bubbles but exposed to the water column as a control. The system had a 

gas collection tube with valve assembly, and a weight was used to hold the entire unit in a vertical 

position suspended well below the surface from a large foam float. The depth was adjusted to 

approximately mid-water column to avoid any surface wave disturbance and maintain a vertical 

orientation. Total gas volume was measured by displacement of water in graduated cylinders from 

the collector in the field. Clean glass wool (GW), pre-combusted at 550 °C for 4 h, was placed 

inside the gas collectors to trap contaminants transported with gas bubbles. The difference between 

the contaminant mass in the exterior and interior traps thus represented contaminant flux due to gas 

ebullition as reported here. T-tests comparing these samples showed they were statistically 

significantly different at the 95% confidence interval (CI). GW metal and PAH analyses were 

performed as described above for the sediment characterization. 

 

Ebullition flux modeling. Measured gas fluxes were compared to those predicted using a 

mechanistic model based on an expanded form of the Monod equation proposed by Goldman and 

Carpenter (282), an empirical model using backward stepwise multivariate regression analysis of 

our data, as well as predictions from models proposed by Winterwerp and van Kesteren (283) and 

by Mogollon et al. (284) (complete model development is presented in this chapter’s supporting 

information, Section S1). The mechanistic model utilizes a limiting substrate concentration term 

(Slabile) that represents the portion of the sediment organic matter that actively contributes to gas 

generation and is equal to the ratio SG COD/SG OC. The model is simplified as described in the 
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model development supplemental information to the following equation valid for 278K<T<303K 

and 2%<SG OC< 20%: 

log(r) = 23 − 1.6UVW(u�) − 3,800 x1yz − 2,500 x�A���A>y z + 2,600 1�A���A>�y 4
+ 1.5log(�A���A>) + 0.28 log(|( + |Py + �A���A>) 

(6.1) 

Where µ is the specific gas ebullition rate (mmol m-3 d-1); ρb is the wet bulk density (kg m-3); 

T is the average temperature during the measurement period (K); and γ0 and γ1 are constants equal 

to (0.8083) and (-0.0026), respectively. For simplicity, we assumed that ρb and Slabile do not vary 

with time. 

Gas fluxes are determined assuming that the top 1 m of sediment is ebullition active, which is 

supported by several studies (4, 285). An empirical model (described in Results and Discussion) 

was then developed using stepwise multivariate regression analysis of this data set that identified 

temperature and sediment Slabile as the primary factors accounting for gas ebullition for 

comparison. 

 

Ebullition-facilitated contaminant flux modeling. The measured metal and PAH fluxes were 

compared to both an empirical model based upon stepwise multivariate regression analysis 

(described in Results and Discussion), as well as predictions from a model of ebullition-facilitated 

contaminant flux (279) and literature values (3, 278).  

 

Data analysis and Quality Assurance. All statistical analyses and exploratory factor analysis 

was performed using principle components analysis with Varimax rotation using the computer 

program MYSTAT v.12. Sampling and analytical protocols complied with requirements for 

NELAP accreditation and included matrix spikes, field blanks, and method blanks. Uncertainties at 
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the 95% confidence interval ( 22
%95 B)RSD(2 +=U ) for sediment samples were 30.5% and 20.3% 

for PAHs and metals respectively; and 24.1%, and 6.6% for PAHs and metals in GW, respectively. 

 

6.4. Results and Discussion 

Large heterogeneities exist at the field sites. Sediment characteristics varied greatly in the 

study sites. SG OM and SG OC was 1.5 to 32% and 1.8 to 20%, respectively, and whole core OM 

and OC ranged from 5.5 to 46% and 0.6 to 17%, respectively. Concentrations of PAHs in the 

surficial sediment varied from 20 to 24,000 mg kg-1, and whole core PAH concentrations from 60 

to 1,230 mg kg-1. In 11 of 14 sites, surficial PAH levels were similar to or higher than the whole 

core mean values, indicating that PAH-impacted sediments have not been buried by less polluted 

sediments at the sediment-water interface. A complete set of descriptive statistics for the sediment 

properties can be found in the supporting information (Tables S1, S3, and S5). 

Gas ebullition varied substantially as a function of temperature and sediment composition. 

Measured field gas fluxes ranged from 0.05 up to 11 L m-2 d-1 (Figure 6.1); values that are 

consistent with other reports in the literature (199-200). CH4, N2, and CO2 comprised 55±20%, 

42±20%, and 3±2% of the evolved gas by volume, respectively. These results are consistent with 

reported lake sediment values of 48-67% and 0.01-3%, for CH4 and CO2, respectively (204-205). 

Methanogenic activation energy values determined from Arrhenius plots of inverse rate versus 

inverse temperature varied from 12 up to 146 kJ mol-1; also consistent with literature-reported 

values for sediments from 27 to 138 kJ mol-1 (273-274). These values were used to estimate the 

annual volume of gas released from the Arrhenius equation to correct the measured gas production 

rates based on the annual temperature variations observed on-site (Figure 6.2), with total volumes 

ranging from 1.0- 2.1 m3 m-2 yr-1.  
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Figure 6.1. Measured total field gas fluxes in the 14 sampled sites by season. Overall, CH4, 

N2, and CO2 comprised 55±20%, 42±20%, and 3±2% of the gas by volume, respectively. 

 

 
Figure 6.2. Estimated volumetric gas ebullition per square meter of sediment on an annual 

basis for the 14 sample sites based upon Arrhenius-corrected ebullition rates over the year. 

 

Mechanistic and empirical models describe gas ebullition well. A mechanistic model was 

developed to predict biogenic gas production from substrate utilization following the Monod 
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kinetic regime (4, 206). Comparison of the predictions to the observed results (Figure 6.3a) 

confirms that the model yields a good fit to the data (p-value=4E-06, R2=0.56). 

Although the mechanistic model resulted in a good fit to the observed results, we also found 

that linear relationships existed between gas flux and readily measurable parameters using the 56 

sets of measurements in the 14 sites. Backward stepwise multivariate regression analysis of the 

data set indicated that sediment temperature and Slabile were able to predict field gas fluxes (GFf) 

better than all the other measured parameters, explaining 63% of the variation: 

}�(K	~��	5�P) = −0.009 + 0.31y(℃) − 4.5�A���A>   (p-value=2E-10, R2=0.63)             (6.2) 

Exploratory factor analysis was also performed to assess the robustness of our model. 

Measured field gas flux and sediment temperature, physical and chemical properties produced a 

four factor solution with clearly demarcated predictive capabilities (Table S6). The results show 

high correlation within each factor and poor correlation across factors. Surficial sediment 

properties such as SG OC, SG OM, SG wet bulk density, SG % solids and Slabile, are highly loaded 

on factor 1 (loading factor, LF≥0.9). Gas flux and temperature are highly loaded into factor 2 

(LF≥0.9). Site characteristics such as sediment depth and water depth are highly loaded on factor 3 

(LF≥0.9), and core sediment properties such as core OC and core OM are highly loaded on factor 4 

(LF≥0.9). The fact that both gas flux and temperature are highly loaded on the same factor agrees 

with the inclusion of temperature as a major predictive variable in both our mechanistic and 

predictive models. In addition, the finding that gas flux is also loaded onto factor 1 with surficial 

sediment parameters such as Slabile indicates that  biogenic gas production is also a function of 

organic material lability, in agreement with both models and literature findings (283).  
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Figure 6.3. Comparison of measured and predicted gas ebullition rates in sediments. Shown 

are a) comparison of the measured values with the mechanistic and empirical models 

developed in the present study (dashed line represents 1:1 slope), and b) comparison of the 

measured values (bold dash) to the two models developed in the present study (bold and 

dotted lines), as well as two literature models (thin and dot/dashed lines). Note log scale on y 

axis in lower figure. 
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Our mechanistic and empirical gas ebullition model results were compared to models 

available in the literature (283-284). The literature models predict gas ebullition rates substantially 

higher than the ones we observed in the field (Figure 6.3b); likely due to parameter uncertainty and 

system differences. Winterwerp and van Kesteren report the parameter k(t) can vary by a factor of 

10 (283); and the Mogollon et al. model (284) was developed for marine sediments, while our 

results are for an organic-rich urban freshwater river. The wide disparity in results suggests that the 

models developed here may be a more suitable predictive tool for quantification of gas ebullition 

rates in such systems.  

 

Gas ebullition results in large sediment-to-water flux of contaminants. Particulate matter 

was found in the glass wool samples located inside the gas collection systems (in contrast to the 

control glass wool on the exterior of the collection system), resulting from gas bubbles transporting 

solid particulates into the trap. For most sites As, Ag, Be, Cd, Co, Mo and Se were below the 

detection limit (DL) in the glass wool, while Ba, Cr, Cu, Fe, Mn, Pb, Ni and Zn were all present 

above the DL for most samples. We thus confine our discussion here to the latter group of metals. 

Contaminant fluxes varied substantially with season. Higher temperatures in spring and summer 

led to higher gas ebullition fluxes compared to the fall, with concomitantly higher metal 

contaminant fluxes. Surprisingly, many sites had significant ebullition-facilitated metal 

contaminant fluxes during winter. Fe and Pb fluxes varied from 0-450 mg m-2 d-1 and 0-18 mg m-2 

d-1. Ba, Cr and Zn flux ranged from 0-5.2 mg m-2 d-1, 0-2.4 mg m-2 d-1 and 0-20 mg m-2 d-1, 

respectively (Figure S1, Table S2). Sediment metal concentrations at these sites ranged from 3.4-

390 mg kg-1, 2.6-730 mg kg-1, 230-43000 mg kg-1, 0.07-1.8 mg kg-1, 1.8-3400 mg kg-1, and 6.0-

1,800 mg kg-1 for Ba, Cr, Fe, Hg, Pb and Zn, respectively (Table S3). 
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Nearly all PAHs were present above the DL in the glass wool samples inside the gas 

collection systems, and thus had measurable fluxes. The effect of temperature and gas flux was 

less pronounced on ebullition-facilitated PAH fluxes compared to metals. This lack of variability 

was driven by the relatively high PAH fluxes observed during fall and winter compared to metals, 

particularly in the highly PAH-contaminated CC sites (Figure S2). Anthracene, benzo(a)pyrene, 

chrysene, fluoranthene and fluorene fluxes varied from 0-11 mg m-2 d-1, 0-13 mg m-2 d-1, 0-11 mg 

m-2 d-1, 0-45 mg m-2 d-1 and 0-15 mg m-2 d-1, respectively. Naphthalene, phenanthrene and pyrene 

fluxes ranged from 0-3 mg m-2 d-1, 0-52 mg m-2 d-1 and 0-31 mg m-2 d-1, respectively (Table S4). 

Sediment PAH concentrations at these sites ranged from 0.3-630 mg kg-1, 1.2-240 mg kg-1, 0.3-

6,900 mg kg-1, 2.3-5,100 mg kg-1 and 3.5-2,000 mg kg-1 for anthracene, benzo(a)pyrene, 

naphthalene, phenanthrene and pyrene, respectively (Table S5). Interestingly, naphthalene was 

often observed in these sediments at concentrations similar to the PAHs phenanthrene or pyrene. In 

contrast, naphthalene flux was relatively lower than either PAH. We would not expect such an 

observation if partitioning to the gas phase were the only mechanism for ebullition-facilitated 

transport, because naphthalene is much more volatile than the PAHs. However, we would expect 

such results if hydrophobic partitioning to the hydrophobic gas bubble and/or re-suspension of 

organic-rich particles were the primary mechanism of enhanced flux because of the less 

hydrophobic nature of naphthalene compared to the PAHs. The latter interpretation is supported by 

the observation that increased ebullition-facilitated fluxes follow a slight positive trend with PAH 

hydrophobicity. 

 

Empirical models describe total gas ebullition-facilitated contaminant fluxes. Ebullition-

facilitated metal fluxes increased in a linear fashion with gas ebullition fluxes (p-values <0.05 for 
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most metals, Figure S3), but were not statistically significantly correlated with SG OC or Slabile 

(data not shown). Conversely, ebullition-facilitated PAH fluxes were not highly correlated with 

gas flux changes (Figures S4), but were statistically significantly correlated with sediment SG OC 

(Figure S5, seasonal dummy variables used as regressors). 

Ebullition-facilitated summer metal contaminant fluxes had a statistically significant increase 

with metal contaminant concentrations in the sediments on a seasonal basis (p-value=1E-15, 

R2=0.55) based on a linear function between the natural logarithms of all metal contaminant fluxes 

and all metal contaminant concentrations in sediments. The variation within a single contaminant 

was not sufficient to represent a significant metal contaminant concentration range; thus we 

confine our discussion to all metal contaminants considered together in the regression. A similar 

logarithmic trend between sediment concentration and ebullition-facilitated fluxes was observed 

for the PAHs (p-value=1E-14, R2=0.51). 

Backward stepwise multivariate regression analysis was carried out to predict ebullition-

facilitated contaminant flux using gas flux and sediment physical and chemical variables (Figure 

6.4a). The variables sediment-water partitioning coefficient, sediment contaminant concentration, 

gas flux, % solids, sediment depth, SG OC and Slabile are able to explain 68% of the variation of 

ebullition-facilitated metal contaminant flux (p-value=9E-16, R2=0.68): 

U�
�@> �A = −1.3 ∗ 10���5 + 0.31}�. + 0.76U�
&>, − 0.096� − 0.23�}	�
 +
3.1�A���A> − 0.26;&>,                                                                                                                    (6.3) 

Where CFmetal is the ebullition-facilitated metal contaminant flux (mg m-2 d-1); Kd is the 

sediment-water partitioning coefficient (L kg-1); Csed is the metal concentration in the sediment 

(mg kg-1); � is the percent of solids in the sediment; and Dsed is the sediment depth (m). 
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Figure 6.4. Comparison of empirically predicted ebullition-facilitated contaminant fluxes to 

measured values of a) individual metal fluxes (p-value=9E-16, R
2
=0.68), and b) individual 

PAH fluxes (p-value=9E-16, R
2
=0.27). Dashed line represents a 1:1 slope. 

ACE=acenaphthene, ACY=acenaphthylene, ANT=anthracene, BNA=benzo[a]anthracene, 

BaP=benzo[a]pyrene, BbFL=benzo[b]fluoranthene, BPY=benzo[g,h,i]perylene, 

BkFL=benzo[k]fluoranthene, CHR=chrysene, DBAN=dibenzo[a,h]anthracene, 

FLAN=fluoranthene, FLEN=fluorene, INP=indenopyrene, NAP=naphthalene, 

PHE=phenanthrene, PYR=pyrene. 
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A similar analysis was performed for the ebullition-facilitated PAH flux data (Figure 6.4b). 

Although the regression is statistically significant (p-value=9E-16), gas flux and sediment physical 

and chemical variables were able to explain only 27% of the variation for individual PAH fluxes 

(p-value=9E-16): 


���� = 12 − 0.28UVW+�\ + 0.50U�
&>, − 0.028u� + 0.39∅ + 0.19�}	�� +
	0.097
V6�	�� − 0.59
V6�	�
 − 7.0�A���A> + 2.2;&>, + 1.9;-        (6.4) 

Where CFPAH is the ebullition-facilitated PAH flux (mg m-2 d-1); koc is the organic carbon-

water partitioning coefficient (L kg-1); and Dw is the water depth (m). 

In contrast, our empirical model was able to explain 59% of the variation on total PAH flux 

(p-value=1E-04, Figure 6.5b): 

U�
����� = 13.1 − 0.674U�
&>, + 0.301}�� − 0.017u� + 0.744�}	�
 + 0.17
V6�	�� −
0.51
V6�	�
 + 18.3�A���A>                                                                                                          (6.5) 

Where CFTPAH is the ebullition-facilitated total PAH flux (mg m-2 d-1); and Csed is total PAH 

concentration in the sediment (mg kg-1). 

The difference in predictive ability between the metals and PAHs indicate that ebullition 

facilitated PAH flux may be a more complex process, and thus more difficult to predict than metal 

fluxes. This is consistent with a facilitated flux mechanism whereby metals are primarily particle 

bound and suspended by bubble ebullition, whereas PAHs are transported by both particle re-

suspension and sorption into/onto gas bubbles. The nature of the sediment organic carbon and 

amount of organic content in the re-suspended particles, rather than in the bulk sediment as a 

whole, as well as the presence of NAPL formation, likely play an important role in PAH flux.  
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Figure 6.5. Comparison of empirically predicted ebullition-facilitated contaminant fluxes to 

measured values of a) total metals (p-value=3E-05, R
2
=0.60), and b) total PAHs (p-value=1E-

04, R
2
=0.59). Dashed line represents a 1:1 slope. 

 

The empirical model results for individual PAHs were compared to results obtained using a 

phase-partitioning correction (279):  


���� = 	
�-}�.	, and 
�-	����~�5	����U	2V	 \Yj[
Z��.��                                                    (6.6) 
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Where: H is the Henry’s law constant (dimensionless); Cpw is the porewater PAH 

concentration (mg L-1); and foc is the fraction of organic carbon. Literature H and Koc values (286) 

and measured Csed, foc and GFf values were used to calculate CFPAH. The literature model 

substantially under-predicts ebullition-facilitated PAH fluxes compared to our observed values, 

which is likely because the model does not account for contaminant transport due to particle re-

suspension (Figure S6). It should be noted that our system does not fall out of the range of reported 

PAH fluxes in the literature, which vary by several orders of magnitude from 1E-06 up to 169 mg 

m-2 d-1 under extreme gas flux conditions (3, 19, 278). 

 

6.5. Conclusions and Implications 

Contaminant release due to gas ebullition was consistently observed in our 14 sampled sites 

(Figure 6.6). The magnitude of these fluxes indicates that gas ebullition is an important pathway 

for release of PAH and heavy metal pollutants buried in sediments to the water column in 

contaminated riverine freshwater systems. The results from this study also demonstrate that 

quantifying and predicting gas flux and ebullition-facilitated contaminant transport at sites within a 

relatively broad range of sediment organic content and contamination levels as the ones studied in 

this paper is feasible. In addition, we have presented both mechanistic and an empirical models for 

predicting gas fluxes at urban contaminated freshwater systems that are based on more easily 

measurable parameters such as temperature and Slabile. The heterogeneity in sediment chemical and 

physical parameters among all of the studied sites contributes to broad validity of these findings. 

We have shown that both metal and organic contaminants are transported by gas ebullition 

and represent a significant contribution to the total contaminant flux from sediments to the water 

column. Multiple lines of evidence support the hypothesis that ebullition-facilitated transport is 

mechanistically different for PAHs compared to metals. These include the statistically significant 
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correlation between ebullition-facilitated metal flux and gas flux, contrasted with the statistically 

significant correlations between ebullition-facilitated PAH flux and both SG OC and concentration 

in the sediments (p-value<1E-05). These results are consistent with a PAH transport mechanism 

combining organic-rich particle re-suspension and sorption into/onto the gas bubbles from 

sediment porewater; while metal release is due mainly to particle re-suspension. Thus, the limiting 

factor for metal release is the amount of bubbles produced (and indirectly the lability of the 

sediment organic matter to biodegradation), whereas the amount of organic carbon (indirectly 

affecting partitioning), coupled with its lability to biodegradation limits PAH release. 

 

 

  
Figure 6.6. Cumulative annual metal (a) and PAH (b) release. Shown is mass release to the 

water column per m
2
 of sediment on an annual basis by gas ebullition. Note different log 

scales on the y axis. 

 

6.6. Supporting Information 

Tables S1 to S6, Figures S1 to S5, and Section S1. 
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Table S1. Descriptive Statistics for Sediment Physical Parameters and Gas Ebullition Fluxes 

 

  T 

(°C) 

Gas flux 

(L m
-2 

d
-1

) 

SG OM (%) SG OC (%) Core OM (%) Core OC (%) Sed depth 

(m) 

N of Cases 56 56 14 14 14 14 14 
Minimum 7 0.05 1.53 1.76 5.4 0.59 0.3 
Maximum 26.5 11.0 32 20 46 17 6.46 
Range 19.5 10.9 30.6 18.4 40.6 16.4 6.16 
Median 18.5 3.3 13.6 8.20 14.1 12.0 3.08 
Arithmetic Mean  17.7 4.3 14.4 8.98 16.0 10.6 3.27 
Trimmed Mean (10%, 2 sided) 17.9 4.1 13.7 8.81 13.9 11.3 3.29 
SEM 0.91 0.37 2.65 1.47 2.8 1.26 0.51 
COV 0.39 0.64 0.69 0.61 0.66 0.44 0.59 
Skewness(G1) -0.21 0.72 0.45 0.27 1.92 -0.78 0.05 
Kurtosis(G2) -1.44 -0.30 -0.59 -0.38 4.52 -0.03 -0.87 
Shapiro-Wilk Statistic 0.89 0.93 0.93 0.93 0.81 0.92 0.97 
Anderson-Darling Statistic - 1.55 0.34 0.40 0.93 0.52 0.17 
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Table S2. Descriptive Statistics for Metal Contaminant Fluxes due to Gas Ebullition 

 

 Metal flux due to gas ebullition (mg m
-2

 d
-1

) 

   As Ba Cd Cr Co Cu Fe Pb Mn Hg Ni Se Ag Zn 

N of Cases  49 49 49 49 49 49 49 49 49 26 49 49 49 49 
Minimum  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Maximum  0.47 5.13 0.24 2.35 0.47 9.64 452 17.9 9.58 0.01 0.49 0.47 0.47 19.6 
Range  0.47 5.13 0.24 2.35 0.47 9.65 452 17.9 9.58 0.01 0.49 0.47 0.47 19.6 
Median  0.00 0.07 0.00 0.02 0.00 0.74 14 0.25 0.03 0.00 0.02 0.00 0.01 0.28 
Arithmetic Mean   0.03 0.62 0.02 0.19 0.03 1.39 50 1.45 0.79 0.00 0.06 0.03 0.03 2.61 
Trimmed Mean (10%, 2 
sided) 

 0.01 0.36 0.01 0.08 0.01 0.95 26 0.73 0.34 0.00 0.03 0.01 0.02 1.29 

SEM  0.01 0.16 0.01 0.06 0.01 0.28 13.0 0.43 0.26 0.00 0.02 0.01 0.01 0.71 
COV  2.48 1.82 2.35 2.24 2.48 1.43 1.83 2.09 2.35 2.78 1.98 2.48 2.22 1.90 
Skewness(G1)  4.61 2.18 4.44 3.49 4.61 2.36 2.79 3.83 3.71 4.63 2.87 4.61 4.41 2.21 
Kurtosis(G2)  24.2 4.73 23.0 14.4 24.2 6.26 8.46 18.2 14.6 22.6 8.1 24.2 22.8 3.94 
Shapiro-Wilk Statistic  0.43 0.62 0.46 0.51 0.43 0.71 0.60 0.52 0.47 0.37 0.55 0.43 0.48 0.59 
Anderson-Darling Statistic  9.10 7.85 8.49 8.92 9.10 4.57 7.27 7.66 9.19 5.90 8.25 9.10 7.86 8.62 
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Table S3. Descriptive Statistics for Metal Concentration in the Sediments 

 

 Metals in sediments (all mg kg
-1

 sed dry wt, except Fe in g kg
-1

 sed dry wt) 

   As Ba Cd Cr Co Cu Fe Pb Mn Hg Ni Se Ag Zn 

N of Cases  14 14 14 14 14 14 14 14 14 14 14 14 14 14 
Minimum  2.60 3.40 0.82 2.60 1.30 6.50 0.23 1.80 6.70 0.07 2.60 0.55 2.60 6.00 
Maximum  13.0 390 17.0 730 15.0 1000 43 3400 410 1.80 85.0 2.90 15.0 1800 
Range  10.4 387 16.2 727 13.7 994 42.8 3398 403 1.74 82.4 2.35 12.4 1794 
Median  7.28 236 8.06 125 7.41 404 21.5 677 255 1.05 44.5 1.69 7.03 985 
Arithmetic Mean   7.13 244 7.89 85.1 7.29 380 21.4 497 259 1.10 45.1 1.69 6.47 993 
Trimmed Mean (10%, 2 
sided) 

 
6.35 175 5.13 68.0 6.17 264 14.7 343 199 0.83 33.3 1.46 6.21 626 

SEM  0.97 29.0 1.53 47.9 1.05 74.3 3.34 221 31.2 0.14 7.05 0.23 0.99 163 
COV  3.63 108 5.72 179 3.94 278 12.5 827 117 0.51 26.4 0.86 3.69 610 
Skewness(G1)  0.10 -0.55 -0.15 3.37 0.14 0.62 0.00 3.09 -0.40 -0.71 -0.13 -0.02 0.99 -0.03 
Kurtosis(G2)  0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60 
Shapiro-Wilk Statistic  1.15 1.15 1.15 1.15 1.15 1.15 1.15 1.15 1.15 1.15 1.15 1.15 1.15 1.15 
Anderson-Darling Statistic  0.16 0.72 0.05 0.00 0.88 0.71 0.91 0.00 0.43 0.32 0.41 0.13 0.12 0.34 
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Table S4. Descriptive Statistics for PAH Contaminant Fluxes due to Gas Ebullition 

 PAH flux due to gas ebullition (mg m
-2

 d
-1

) 

 ACE ACY ANT BNA BaP BfFL BPY BkFL CHR DBAN FLAN FLEN INP NAP PHE PYR 

N of Cases 49 49 49 49 49 49 49 49 49 49 49 49 49 49 49 49 

Minimum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Maximum 13.6 1.7 10.6 12.1 12.8 14.3 4.8 7.5 11.4 2.4 44.1 14.3 5.1 2.8 51.5 30.5 

Range 13.6 1.7 10.6 12.1 12.8 14.3 4.8 7.5 11.4 2.4 44.1 14.3 5.1 2.8 51.5 30.5 

Median 0.03 0.02 0.04 0.07 0.07 0.08 0.04 0.07 0.07 0.02 0.12 0.02 0.04 0.02 0.07 0.10 

Arithmetic Mean  0.60 0.12 0.61 0.94 0.65 0.68 0.23 0.54 0.72 0.12 3.51 0.85 0.25 0.23 3.84 2.46 

SEM 0.30 0.04 0.27 0.33 0.28 0.30 0.10 0.21 0.28 0.05 1.23 0.38 0.11 0.08 1.47 0.86 

COV 3.47 2.34 3.10 2.46 3.03 3.11 3.06 2.66 2.74 3.07 2.46 3.13 3.06 2.39 2.68 2.44 

Skewness(G1) 5.51 4.39 4.47 3.88 5.41 5.83 6.13 4.10 4.47 5.95 3.61 4.31 6.02 3.26 3.61 3.57 

Kurtosis(G2) 33.2 22.1 20.6 15.9 32.1 37.1 40.3 17.1 21.3 38.4 13.9 19.0 39.1 11.3 13.6 13.6 

Shapiro-Wilk Statistic 0.31 0.46 0.35 0.44 0.34 0.32 0.31 0.40 0.39 0.32 0.46 0.36 0.32 0.48 0.43 0.47 

Anderson-Darling 
Statistic 

12.6 8.8 12.3 9.8 11.2 11.1 10.9 10.9 10.7 11.0 10.0 12.5 11.0 10.5 11.3 9.9 

 
ACE=acenaphthene, ACY=acenaphthylene, ANT=anthracene, BNA=benzo[a]anthracene, BaP=benzo[a]pyrene, BbFL=benzo[b]fluoranthene, 
BPY=benzo[g,h,i]perylene, BkFL=benzo[k]fluoranthene, CHR=chrysene, DBAN=dibenzo[a,h]anthracene, FLAN=fluoranthene, FLEN=fluorene, 
INP=indenopyrene, NAP=naphthalene, PHE=phenanthrene, PYR=pyrene 
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Table S5. Descriptive Statistics for PAH Concentration in the Sediments 

 PAHs in sediments (mg kg
-1

 sed dry wt) 

 ACE ACY ANT BNA BaP BfFL BPY BkFL CHR DBAN FLAN FLEN INP NAP PHE PYR 

N of Cases 14 14 14 14 14 14 14 14 14 14 14 14 14 14 14 14 

Minimum 0.13 0.14 0.32 1.30 1.20 1.20 0.72 1.30 1.50 0.32 4.50 0.32 0.72 0.29 2.30 3.50 

Maximum 2000 72.0 630 590 240 350 40.0 280 390 25.0 3100 2000 140 6900 5100 2000 

Range 2000 71.9 630 589 239 349 39.3 279 389 24.7 3096 2000 139 6900 5098 1997 

Median 3.05 0.98 8.60 23.0 14.5 14.0 6.45 12.5 21.0 2.95 60.0 3.35 6.60 0.88 39.5 46.5 

Arithmetic Mean  175 6.91 60.3 62.5 31.9 40.4 9.97 31.9 47.3 4.63 302 177 16.8 580 469 202 

SEM 141 5.04 44.1 40.9 16.4 24.1 2.92 19.3 26.7 1.70 217 141 9.61 488 358 139 

COV 3.02 2.73 2.74 2.45 1.92 2.23 1.10 2.26 2.11 1.37 2.69 2.97 2.15 3.15 2.86 2.58 

Skewness(G1) 3.67 3.67 3.65 3.65 3.47 3.61 1.83 3.63 3.58 2.86 3.66 3.66 3.57 3.68 3.66 3.64 

Kurtosis(G2) 13.6 13.6 13.5 13.5 12.5 13.3 3.63 13.4 13.1 9.17 13.5 13.5 13.1 13.7 13.6 13.4 

Shapiro-Wilk Statistic 0.37 0.38 0.39 0.40 0.48 0.42 0.80 0.42 0.44 0.64 0.39 0.38 0.44 0.36 0.38 0.40 

Anderson-Darling 
Statistic 

3.95 3.85 3.73 3.63 2.88 3.42 0.99 3.50 3.26 1.75 3.73 3.89 3.26 4.09 3.82 3.62 

 
ACE=acenaphthene, ACY=acenaphthylene, ANT=anthracene, BNA=benzo[a]anthracene, BaP=benzo[a]pyrene, BbFL=benzo[b]fluoranthene, 
BPY=benzo[g,h,i]perylene, BkFL=benzo[k]fluoranthene, CHR=chrysene, DBAN=dibenzo[a,h]anthracene, FLAN=fluoranthene, FLEN=fluorene, 
INP=indenopyrene, NAP=naphthalene, PHE=phenanthrene, PYR=pyrene 

  



177 

 

 
Table S6. Rotated Loading Matrix 

Variables Factor 1 Factor 2 Factor 3 Factor 4  

Gas Flux (L m-2 d-1) 0.18 0.07 0.92 0.05 
Temperature (°C) 0.04 0.04 0.94 0.02 
SG OM (%) 0.90 0.29 0.02 0.09 
SG OC (SGOC) 0.92 0.27 0.06 0.10 
Core OM (%) 0.27 0.03 0.01 0.92 
Core OC (%) 0.12 0.23 0.04 0.93 
Wet Bulk Density (kg m-3) 0.93 0.03 0.03 0.22 
Solids (%) 0.90 0.06 0.05 0.25 
COD/TOC 0.94 0.07 0.08 0.02 
Sed Depth (m) 0.06 0.94 0.00 0.19 
Water Depth (m) 0.14 0.90 0.03 0.06 
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Figure S1. Ebullition-facilitated metal flux to the water column by season. 

As Ba Cd Cr Cu Fe Pb Mg Hg Ni Ag Zn
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Figure S2. Ebullition-facilitated PAH flux to the water column by season. DL values are 

shown where PAHs were measured but not significantly different from exterior trap. 
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Figure S3. Correlation between gas flux and metal contaminant flux. Curved lines 

represent the 95% confidence interval of the least squares linear regressions. Hg and Se 

were not plotted due to low levels of both metals. 
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Figure S4. Correlation between gas flux and PAH flux. Curved lines represent the 95% 

confidence interval of the least squares linear regressions. Benzo[ghi]perylene, 

dibenzo[a,h]anthracene, and benzo[k]fluoranthene were not shown due to lack of 

correlation. 
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Figure S5. Correlation between SG OC and ebullition-facilitated PAH flux. Curved lines 

represent the 95% confidence interval of the least squares linear regressions. 

Benzo[ghi]perylene, dibenzo[a,h]anthracene, and benzo[k]fluoranthene were not shown 

due to lack of correlation. 
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Figure S6. Ebullition-facilitated contaminant flux to the water column. Shown are 

acenaphthene (ACE), fluoranthene (FLAN), phenanthrene (PHE), and pyrene (PYR). 

Estimated and empirically predicted contaminant fluxes calculated from equations 7 and 4, 

respectively. 
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Figure S7. Calculated Cmax and measured SG OC. Cmax represents the maximum amount of 

biogenic gas production estimated assuming a first order reaction rate for samples 

incubated in serum bottles, sparged with nitrogen gas, sealed and incubated upside down 

quiescently at 35°°°° C, with gas production monitored for more than one year. 
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Section S1: Gas ebullition models 

Mechanistic gas flux model development. A mechanistic model was developed to predict 

biogenic gas production from biodegradation of sedimentary organic matter substrate as the sole 

limiting resource. Substrate utilization was assumed to follow Monod kinetics. The basic Monod 

equation does include a temperature dependence, which is clearly important in gas ebullition (4, 

206). Therefore, we used an expanded form of the Monod equation proposed by Goldman and 

Carpenter (282), where the Arrhenius equation is used to describe the maximum specific gas 

ebullition rate µ max (mmol kg-1 d-1): 

r = ρ�r@�J � �
ZY���   with   r@�J = `���� h��  (S1) 

Where µ is the specific gas ebullition rate (mmol m-3 d-1); ρb is the wet bulk density (kg m-3); 

S is the limiting substrate concentration; A is a constant (mmol kg-1 d-1); Ea is the activation 

energy (kJ mol-1); R is the universal gas constant (8.3144E-3 kJ mol-1 K-1); and T is the average 

temperature during the measurement period (K). Equating S with total SG OC is not warranted 

because laboratory experiments with sediment from the study sites confirm that only a small 

fraction of SG OC is actually labile to biodegradation by microorganisms (Figure S7). S is thus 

assumed to represent the labile portion of the sediment organic matter that more actively 

contributes to gas generation. We operationally define this parameter as equal to the SG 

COD/SG OC ratio because gas production is highly correlated with SG COD/SG OC (p-value = 

2E-10, R2=0.69, seasonal dummy variables used as regressors). For ease of representation, the 

parameter SG COD/SG OC is in this paper renamed as Slabile. 

If we apply the logarithmic operator to equation S1, it yields: 

UVWr = UVWρ + log` − ��?y + UVW � �
+& + �� 

(S2) 
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We calculated the maximum specific gas production rate µmax (mmol kg-1 d-1) for each site 

based on the data collected for temperature and field gas ebullition fluxes. We then plotted the 

data on an inverse temperature Arrhenius plot to obtain Ea. Physical and chemical sediment 

parameters were regressed with Ea values and the result demonstrates that Ea is highly correlated 

with sediment OC lability. Overall, 50% of the Ea variance can be explained by the Slabile 

parameter (p-value=0.012), and we thus use this parameter to estimate Ea using a Taylor 

expansion around zero: 

��?y ≅ �(? x1yz + �P? x�A���A>y z + ��? 1�A���A>�y 4 = �(�x1yz + �P�x�A���A>y z + ���1�A���A>�y 4 
(S3) 

Where ��� =  ¡
h , ¢	 ∈ 	 L0, 1, 2N;	 βj are constants. Note that the terms (βj, R) do not have a 

particular meaning in the equation. They are used to fit the equation for the maximum gas 

production term that arises from the mechanistic model of gas production (equation S1). 

Assuming that Ks is related with temperature through a linear relationship (+& = |( + |Py), 
we obtain: 

log(r) ≅ UVW(u�) + UVW(`) + �(�x1yz + �P�x�A���A>y z + ���1�A���A>�y 4
+ log(�A���A>) − log	(|( + |Py + �) 

(S4) 

We estimate equation S4 through the following equation: 

log(r) ≅ � + UVW(u�) + �(�x1yz + �P�x�A���A>y z + ���1�A���A>�y 4 + log(�A���A>)
− log(|( + |Py + �A���A>) + ¥ 

(S5) 

Where k = logA is a constant. 

Regression analysis confirmed that Ks (287-289) was a linear function of temperature in a 

statistically significant manner, as shown in the linear-in-parameters model with γ0 = 0.8083 and 
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γ1 = -0.0026 (p-value=0.007, R2=0.86). We estimated our model through classical maximum 

likelihood estimation and we adopted the assumption of independent and identically distributed 

normal error terms ε: 

log(r) = 23 − 1.6UVW(u�) − 3,800 x1yz − 2,500 x�A���A>y z + 2,600 1�A���A>�y 4
+ 1.5log(�A���A>) 	+ 0.28 log(|( + |Py + �A���A>) 

(S6)

Where µ is the specific gas ebullition rate (mmol m-3 d-1); ρb is the wet bulk density (kg m-3); 

T is the average temperature during the measurement period (K); and γ0 and γ1 are constants 

equal to (0.8083) and (-0.0026), respectively. For simplicity, we assumed that ρb and Slabile do not 

vary with time. 

The estimated model yields a good fit to the data with a R2 of 0.56, p-value of 4E-06. 

 

Literature gas ebullition models. Measured fluxes and results from our gas flux model 

predictions were compared to predictions using two models previously developed for sediments 

(283-284). The Winterwerp and van Kesteren (WvK) model predicts gas production from 

organic matter and temperature as follows:  

}^	¦kg	kg¨©ª	�P yr�P = �(2)��,Dℎ�6�	�(2) = @®¯®°�P
@®±¯®°�P�P(2)²³                                 (S7) 

Where GP is the biogenic gas production; k(t) is the time-dependent decomposition decay 

function; m is a dimensionless temperature scale equal to 1.1 for cohesive sediments; T is the 

temperature (°C); Tc is the lowest temperature at which decomposition of organic matter occurs; 

Tr is a reference temperature (25° C); k1 and k2 are coefficients determined as 0.178 and -0.95, 

respectively, for t (yr) equal to 1; and OC is the organic matter content (kg kgsed
-1). A more 

detailed description of this model can be found elsewhere (283). The Mogollon et al. model 
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(284) includes sediment porosity to account for the role sediment density plays on gas bubble 

formation, but does not include a temperature term: 

}^¦kg	kg¨©ª	�P yr�P = P
����\��u& (P�´µ)

i� 		                                                                       (S8) 

Where KPOC is the decay constant for particulate organic matter (yr-1); ρs is the solid phase 

density (kg m-3);  ε0 is the sediment porosity; and ϕa is the volume fraction of the aqueous phase. 

A more complex mechanistic model that distinguishes between gas ebullition transport 

modes (fracturing versus pore perfusion) has recently been proposed for deep water sediments to 

predict the formation of gas hydrates (290). This model includes extremely fine-grained 

sediments (<1 µm) that are not found in the test sites of the present study. While this model holds 

promise to predict gas ebullition, it may not be suitable for the shallow sediments in the present 

study. 

 

 



189 

 

CHAPTER VII. FIELD MEASUREMENT OF BENTHIC FLUXES AND COMPARISON 

WITH EBULLITION-FACILITATED FLUXES 

 

I worked on this project with the student Ke Yin from the Environmental Engineering 

Laboratory of Professor Rockne at the University of Illinois at Chicago. The research included 

field work in nine sites in Bubbly Creek, Chicago River, IL. Benthic organic and metal 

contaminant fluxes at the sediment-water interface were measured using benthic chambers. The 

results were compared to the ebullition-facilitated organic and metal contaminant fluxes shown 

in chapter VI of this dissertation. Sulfide, ammonia, nitrate, dissolved organic carbon (DOC) and 

total filtered phosphorous (TFP) benthic fluxes were also measured. 

 

7.1 Abstract 

No studies to date have compared ebullition-facilitated organic and metal contaminant 

fluxes to direct benthic contaminant fluxes measured in the field. To this end, we measured 

benthic organic and metal contaminant fluxes at the sediment-water interface using benthic 

chambers and compared them to ebullition-facilitated contaminant fluxes at nine sites in the 

Chicago River, IL USA to determine the relative importance of each transport mechanisms to the 

total sediment release. Benthic metal fluxes ranged from -0.082 to 0.429, -0.379 to 2.22, -0.341 

to 1.92, and -0.364 to 0.625 mg m-2 d-1 for Ba, Fe, Pb and Zn, respectively. In comparison, 

ebullition-facilitated metal fluxes were up to 5, 450, 18, 20 and mg m-2 d-1 for Ba, Fe, Pb and Zn, 

respectively.  Maximal sum 16 polycyclic aromatic hydrocarbon (Σ16PAH) sediment-to-water 

benthic flux was 0.07 mg m-2 d-1, although direct benthic flux of PAHs at many sites was non-

detectable over the flux study time period. In contrast, maximal ebullition-facilitated PAH fluxes 

were 0.3, 7.3, 0.4, 0.9 and 5.7 mg m-2 d-1 for anthracene, fluoranthene, naphthalene, phenanthrene 



190 

 

and pyrene, respectively in the study sites. While not all sites had higher ebullition-facilitated 

contaminant flux compared to direct benthic flux, these results do demonstrate that gas ebullition 

is frequently a dominant pathway for release of PAHs and heavy metal pollutants to the water 

column; as much as >10 times greater. The relative increase in sediment-to-water flux by 

ebullition compared to direct benthic release is not as great for metals as for PAHs, but ebullition 

facilitated release rates were frequently greater. Sulfide, ammonia, nitrate, dissolved organic 

carbon (DOC) and total filtered phosphorous (TFP) benthic fluxes were observed from both 

sediment-to-water and vice versa; and ranged from -0.696 to 1.78, 0.648 to 3.34, -2.95 to 0.336, -

0.168 to 0.816 and -1.75 to 0.288 mg m-2 d-1, respectively. Nitrate and ammonia fluxes were 

inversely correlated (95% confidence interval, CI), indicating that nitrate was consumed at a 

stoichiometrically proportional rate with ammonia release from the sediment. DOC and sulfide 

fluxes were positively correlated (95% CI). Sediment oxygen demand was higher in the turning 

basin compared to the creek proper (95% CI), with rates up to 5 mg m2 d-1 at site BCTB13. 

These results are consistent with modeling studies of Bubbly creek that indicate the sediments 

are a sink for electron acceptors like oxygen and nitrate (291), as well as with the observed high 

rates of biogenic gas production due to anaerobic microbial activity in the sediment. 

 

7.2 Introduction 

Contaminants like polycyclic aromatic hydrocarbons (PAHs) and heavy metals have 

accumulated on the bottom of rivers and lakes from current and past release. As water bodies 

become cleaner from tighter controls and regulation of waste release, these past activities 

frequently result in large concentration gradients at the sediment-water interface. Diffusive flux 

can then occur in response to such gradients, resulting in significant release of contaminants 

from the sediment to the overlying water. Advection and bioturbation can greatly increase this 
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process; typically by an order of magnitude or greater (292-293). In addition, biogenic gas 

production by anaerobic microorganisms in sediments with high organic matter content can 

result in production of bubbles that we have shown can greatly increase the release contaminants 

to the water column (3-4). 

Gradient and benthic chambers are the two most commonly-used methods for measuring the 

benthic chemical fluxes to and from sediment to the overlying water column. Each has its 

strengths and limitations and neither method isolates the diffusive flux versus advective (or 

bioadvective) components of the benthic flux unless modifications are made. The gradient 

method uses multiple measurements of the compound of interest along a sediment transect at 

depth and across the sediment-water interface into the water column. These data are then used to 

predict the flux rates from diffusion models (typically Fickian 1D or 2D models are employed) 

(294-296). While this technique can be quite sensitive, it is sometimes difficult to employ for 

compounds that can exist in the gas phase or have low detection limits. In addition, reactions that 

occur in the sediment column can convolute the data and make it difficult to extract the flux 

parameter from the profile data. Techniques have been developed that can extract 

consumption/production reactions from fluxes, they necessitate very detailed profiles (294, 297). 

The second main technique involves the deployment of benthic chambers on the sediment to 

create an isolated water volume where consumption/release can be monitored over time (298). 

Consumption will manifest itself by a decrease in concentration in the chamber over time, while 

release will result in an increase. The concentration versus time data can then be used to 

determine a flux rate. Careful design of the chamber and appropriate stirring rate is critical to 

avoid excessive shear stress and the development of pressure gradients that may result in 

porewater advection inside the chamber(299).  
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Important parameters affecting benthic chamber flux measurements are sediment and 

porewater contaminant concentrations, length of chamber deployment, chamber size and stirring 

(279, 300). The stirrer should mimic flow conditions in the natural environment (301). In non-

permeable sediments, as long as appropriate water mixing is maintained, the type of stirring 

mechanism and chamber design are not critical for the magnitude of the measured fluxes (300). 

However, in permeable sediments, fluxes are likely to depend on stirrer-induced pressure 

gradients (299). Knowledge of the in situ bottom flow conditions and sediment surface 

topography enable setting adequate stirrer rate to more closely match natural conditions. 

Deployment time is critical for redox-sensitive analytes. If the chamber is kept in place for too 

long, anoxia might develop from sediment oxygen consumption, particularly in organic-rich 

sediments. This will likely result in biological and/or chemical transformation of compounds 

(e.g. metals have greatly different solubility in their more reduced form) that will affect 

measurements of their transport (302). 

A few studies have utilized benthic chambers to measure benthic fluxes of metals, with the 

following results (all in mg m-2 d-1): 0.002 to 0.022 for Cd, -0.028 to 4.08 for Fe, -1.08 to 0.576 

for Pb, and -2.88 to 14.5 for Zn (279, 303-304). Positive fluxes indicate sediment to water 

column flux and vice versa. Some selected reports of benthic fluxes for the nutrient elements 

dissolved oxygen (termed sediment oxygen demand, SOD), ammonium, and phosphate fluxes 

also show wide variation: -350 to -16, -7.92 to 22, and 0.192 to 5.2 mg m-2 d-1, respectively (300, 

303-304). Relatively fewer studies have measured polycyclic aromatic hydrocarbon (PAH) 

fluxes. For example, pyrene benthic fluxes in the range of 0.00015 to 0.0015 mg m-2 d-1 was 

reported at the sediment-water interface (278). 
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Although contaminant transport at the sediment-water interface has been investigated for 

decades, little is known about contaminant transport due to gas ebullition. As we have shown, the 

magnitude of this contaminant transport mechanism can be quite high (3, 20-21). The question 

remains as to whether these fluxes are comparable to, lower than, or higher than the direct 

benthic release in the field. No studies to date have compared ebullition-facilitated organic and 

metal contaminant fluxes to direct benthic contaminant fluxes measured in the field. To this end, 

we measured benthic organic and metal contaminant fluxes at the sediment-water interface using 

benthic chambers and compared them to ebullition-facilitated contaminant fluxes at nine sites in 

the Chicago River, IL USA to determine the relative importance of each transport mechanisms to 

the total sediment release. 

 

7.3 Materials and Methods 

Sediment sampling and analysis. A total of nine sample locations were selected for the flux 

studies (Figure 7.1). Four sites are located in the Turning Basin of the south branch of the south 

fork of the Chicago River, known as Bubbly Creek (termed BCTB sites). An additional five sites 

are in the Creek itself (termed BC-CDM sites). Table 7.1 shows the coordinates for the sampling 

sites. Bubbly Creek connects with the main south branch of the Chicago River at the turning 

basin. In the early-1900’s, Bubbly Creek was a sewer for industrial effluents and wastes from the 

adjacent stock yards (263). Although direct wastewater discharge is prohibited now, the creek 

still is impacted by large combined sewer outflow (CSO) effluent (up to 175 m3 s-1); on average 

>13 times per year with an annual average discharge volume of 20,200,000 m3 from the Racine 

Avenue pumping station (RAPS), the largest sewage pumping station in the world (Figure 7.2). 

During periods of no discharge, the water in Bubbly Creek is normally stagnant and the 

quiescent sediments are susceptible to gas ebullition events.  
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Figure 7.1. Aerial view at the turning basin of Bubbly Creek (a) and at Bubbly Creek (b). 

The turning basin (a) lies immediately north of (b). Shown are site locations that were 

sampled for benthic gas ebullition and benthic flux studies. Bubbly Creek sites are at the 

exact location of sediment core sites from the USACE (264) (identical site numbering has 

been maintained).  

 

Table 7.1. Sampling coordinates for BCTB and BC-CDM sample sites 

Sample 

Latitude 

(Decimal °N) 

Longitude 

(Decimal °W) 

Water depth 

(m) 

Sed depth to 

clay/hardpan 

(m) 

BCTB 2 41.844262 87.665200 2.2 5.7 
BCTB 5 41.843447 87.665219 1.5 6.5 
BCTB 10 41.844406 87.664667 3.2 4.8 
BCTB 13 41.843417 87.664667 2.5 5.5 
BC-CDM4 41.839481 87. 664440 3.5 3.2 
BC-CDM8 41.832538 87.658447 2.1 2.5 
BC-CDM9 41.830881 87.662924 3.1 3.0 
BC-CDM11 41.827138 87.657503 1.2 3.6 
BC-CDM13 41.825048 87.657362 4.6 2.1 

 

BCTB5
BCTB13

BCTB10

BCTB2

BC-CDM13

BC-CDM11

BC-CDM9

BC-CDM8

BC-CDM4

a) b) 
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Figure 7.2. Data from the Metropolitan Water Reclamation District of Greater Chicago 

(MWRD) for discharge activities at the Racine Avenue Pumping Station (RAPS). 

 

Sampling of core and surface grab (SG) samples in the BCTB was performed onboard the 

MWRD RV PC1 in October and November 2005 as described in chapter VI. A total of 15 

sediment cores and 13 SG samples were collected, but we present here only the results for the 

four sites chosen to perform the benthic and gas ebullition flux studies (Figure 7.1a). 

Additionally, five SG samples were collected in July 2008 for the BC-CDM sites (Figure 7.1b). 

These samples were collected in the same sites sampled by Camp, Dresser & McKee 

Engineering (CDM) consultants for the USACE (264). Core samples were not collected in 

Bubbly Creek and results from USACE (264) were used for all core data for the BC-CDM sites 

reported in this work. Detailed sampling procedure can be found elsewhere (130). Wet bulk 

density, percent moisture, dry bulk density, percent solids, organic carbon (OC) and organic 

matter (OM) were analyzed (265). The 16 USEPA priority-pollutant Σ16PAHs were extracted 

from the sediments and measured as described elsewhere (130, 258).  

 

0.0E+00

4.0E+06

8.0E+06

1.2E+07

1.6E+07

2.0E+07

M
o
n
th
ly
 D
is
c
h
a
rg
e
 V
o
lu
m
e
 (
m

3
)

Month

2001-2008:
n=109 discharge events

Event Vavg=1,480,000 m3

Annual Vavg=20,200,000 m3

Total V=161,000,000 m3



196 

 

Benthic chamber flux sampling and analysis. Two benthic chambers were built by Aquatic 

Research Instruments (Hope, ID) to measure in situ fluxes of PAHs, metals, sulfide, ammonia, 

nitrate, dissolved organic carbon (DOC), total filtered phosphorous (TFP), and dissolved oxygen 

(DO) flux to and from the sediments over time. Water pH and oxidation-reduction potential 

(ORP) were also monitored (Figure 7.3). The sampler consisted of a large polycarbonate funnel 

attached to polyvinyl chloride (PVC) pipes of various lengths to allow the autosampler to sit 

approximately 50 cm above the water surface (Figure 7.4 a). Strong threaded female/female 

couplers were placed between each pipe section for stability. The samplers had steel rod 

stabilizers (three total) connected from the cylinder to the PVC pipe. A toroidal-shaped weight 

was placed on the tubes to permit good penetration of the chambers into the sediments. Nylon 

ropes (approximately 12 m long) were attached to the top pipe section and tied to high density 

foam floats placed on the water surface. These floats were also tied to anchors to keep the 

samplers in place. A single stirrer was located inside each chamber. A DC motor for the stirrer 

was attached to the water-tight top of the sampling system (Figure 7.4 b) and connected to a 

battery installed on the float top. Batteries were replaced every 24 h during sampling and 

recharged (Figures 7.4 a-d).  
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Figure 7.3. Benthic chamber build for the flux study in the nine sites at Bubbly Creek. 

 

The stirrer performance was evaluated in the laboratory using the alabaster (CaSO4.2H2O) 

plate dissolution technique described by Buchholtz-ten Brink et al. (305), which permits 

estimation of the diffusive boundary layer (DBL) thickness: 

   ;¶K = .ckdl(\Y�·�\µ)� 
- ldYY                                                                           (7.1) 

Where f is the weight fraction of Ca2+ in alabaster and equal to 0.2328; Dmol is the Ca2+ 

molecular diffusivity; Csat is the Ca2+ concentration at saturation; C0 is the initial Ca2+ 

concentration; A is the area of exposed alabaster; t is the time allowed for dissolution; and wtloss 

is the measured weight loss from the alabaster during mixing exposure. The molecular diffusivity 

values for calculation of the DBL was taken from Li and Gregory (232). The same technique was 

used in the field to measure the natural riverine DBL thickness. From these results, the stirring 
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rates, blade diameter, and number of blades were adjusted to operate at the same magnitude of 

the field-measured DBL.  

 

Figure 7.4. Photographs of a) sampler used to measure contaminant fluxes from and into 

the sediment, b) details of the top of the sampler with the motor for the stirrer covered by a 

PVC cap, c) funnel connected to PVC pipe and stirrer rod protection pipe, and d) funnel 

connected to steel rod stabilizers. 

a) b) 

c) d) 
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Chambers were thoroughly cleaned prior to each deployment. A Global Water SP200 

peristaltic pump (Gold River, CA) was used for sample collection. Oakton PD 650 meter kit 

(Vernon Hills, IL) was used to measure pH, ORP and DO. A minimum of 5 samples were 

collected in amber glass bottles (1L) per site during the 48 to 270 h deployment period to 

determine heavy metal and nutrient fluxes. These samples were preserved at 4° C and sent to a 

NELAP-certified laboratory within 48 h of sample collection.  

PAH samples were collected in amber glass bottles (4 L) at the end of the sampling 

campaign at each site. Sediment PAH flux was measured by comparing the PAH mass captured 

on Tenax® traps (a highly effective sorbent for removing hydrophobic organic compounds from 

aqueous solution) (306) inside the benthic flux chamber to the mass captured on traps placed 

outside the chamber. Water from inside and outside the chamber was passed through the trap 

using an Omnifit adjustable column from Fisher Scientific (Pittsburgh, PA) with diameter of 1.5 

cm and length up to 10 cm. No PAH sample was collected for BCTB10 for the benthic chamber 

study due to high creek velocities that knocked the station over before a sample could be 

obtained, followed by a RAPS discharge event that changed sediment conditions. PAH sample 

analyses were performed by a NELAP-certified laboratory. MWRD boats and personnel assisted 

our group during sampling. 

 

Ebullition-facilitated flux sampling and analysis. Gas collection systems were constructed 

as described in Viana et al. (4) All experimental sampling and analytical details are provided in 

chapter VI. 
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7.4. Results and Discussion 

Sediment characterization. The sediments have widely varying core organic carbon 

contents from 0.59 to 17%, respectively. Concentrations of Pb in the surficial sediment layer 

varied from 1.8 to 3400 mg kg-1 and Pb mean core concentrations from 265 to 2800 mg kg-1. 

Surprisingly, surficial concentrations of As, Ba, Cd, Cr, Pb, Hg and Zn were higher at the BCTB 

sites than at the BC-CDM sites. An opposite trend was observed for Σ16PAHs. Concentrations of 

PAHs in the surficial sediment layer varied from 20 to 440 mg kg-1 and PAH mean core 

concentrations from 60 to 1230 mg kg-1 (Figure 7.6). In six of nine sites, surficial PAH levels 

were similar to or even higher than the whole core mean values, particularly in the non-turning 

basin sites. This indicates that PAH-impacted sediments exist at the sediment-water interface. 

Nitrate and sulfate SG concentrations varied from 0.05 to 0.5 and 11 to 28 mg kg-1, respectively 

(Figure 7.5, sulfate only measured at BCTB sites). 

 

 

Figure 7.5. Metal and ΣΣΣΣ16PAH surficial and whole core concentrations, organic carbon 

content, nitrate and sulfate surficial concentrations in the nine sampled sites at Bubbly 

Creek and the turning basin of Bubbly Creek. 
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Figure 7.6. Surface ΣΣΣΣ16PAH concentration versus whole core ΣΣΣΣ16PAH concentration in the 

sediments of the nine sampled sites. 

 

Chamber deployment and tracer study. Adequate chamber placement in an upright position 

was crucial for a successful chamber deployment to prevent excessive disturbance at the 

sediment-water interface in the measurement site. The first sample was collected approximately 

1 h after deployment to ensure sediment resuspended by deployment did not contaminate the 

sample. A minimum of 5 samples were collected during the 48 to 270 h deployment period to 

determine heavy metal and nutrient fluxes. A tracer (NaBr) was added in two of the sampling 

sites and its concentration monitored with time to verify that significant chemical leaching from 

the chamber occurred during the measurements (Figure 7.7). The results demonstrate that no 

significant (95% CI) decreases of the conservative tracer were observed by 28 h.  
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Figure 7.7. Br concentration in the benthic chamber as a function of time for sites BCTB13 

and BC-CDM9. 

 

Chamber stirring and alabaster method. Measured field DBL values ranged from a low of 

58±16 at site BCTB10 to a high of 325±29 µm at site BC-CDM9. They are in agreement with 

literature values, which range from 75 µm for high energy coastal environments to 2,000 µm for 

quiescent lake bottoms.(300, 305) The lower value for site BCTB10 might have been affected by 

the high flow-induced disturbance of the system described in the materials and methods. The 

shear velocity u* (cm s-1) was estimated based on the measured DBL (µm) from the empirical 

relationship developed by Tengberg et al. (300):  

;¶K	 = 76.18(�∗)�(.¸�� 

Results varied from 0.5 to 1.2 cm s-1. Again, these observed values in the field are consistent 

with literature-reported shear velocities, which vary from 0.1 to 0.7 cm s-1 (300, 305). 

 

Metal flux measurements. Metal fluxes measured in the benthic chamber varied between 

0.082 to 0.429, -0.379 to 2.22, -0.341 to 1.92, and -0.364 to 0.625 mg m-2 d-1 for Ba, Fe, Pb and 

Zn, respectively (Figure 7.8). Negative values indicate flux into the sediment. For comparison, 
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measured benthic fluxes have been reported in the range of 0.002 to 0.022, -0.028 to 4.08, -1.08 

to 0.576, and -2.88 to 14.5 mg m-2 d-1 for Cd, Fe, Pb and Zn, respectively (279, 303-304). For 

comparison, in situ measured ebullition-facilitated fluxes of Fe and Pb varied from 0-450 mg m-2 

d-1 and 0-18 mg m-2 d-1, respectively. Ba, Cr and Zn ebullition-facilitated fluxes ranged from 0-

5.2 mg m-2 d-1, 0-2.4 mg m-2 d-1 and 0-20 mg m-2 d-1, respectively. The higher Fe, Pb and Zn 

metal fluxes due to gas ebullition are consistent with their higher observed sediment 

concentrations, although this would also be expected to result in higher diffusive fluxes resulting 

from higher porewater concentrations in equilibrium with the solid phase. Interestingly, there is 

an observable trend of increasing metal fluxes from the creek terminus at the RAPS to the 

turning basin. This also mimics the trend of increasing surficial sediment metal concentration, 

organic matter and gas ebullition rates. It is possible that this results from the deposition of 

lighter, organic-rich sediment at the end of the creek and turning basin that were 

scoured/suspended upstream by RAPS discharge events. This is also supported by the higher 

bulk sediment density at sites closer to the RAPS. 

 
Figure 7.8. Metal flux to the water column measured during the benthic chamber study in 

the nine sampled sites at Bubbly Creek and the turning basin of Bubbly Creek. 
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PAH flux measurements. Benthic release of Σ16PAHs was frequently below the detection 

limit; significant fluxes above the method detection limit were observed at only five sites. The 

observed Σ16PAH fluxes from the sediment were equal to 0.05, 0.07 and 0.008 mg m-2 d-1 at sites 

BCTB5, BCTB13 and BC-CDM11, respectively (Figure 1.9). A negative flux of PAH (i.e. into 

the sediment) was observed at sites BC-CDM8 and BC-CDM13 (Figure 7.9). For sites BCTB5 

and BCTB13 (which had the highest PAH fluxes), 2-3 ring PAH release was similar to that of 5-

6 ring PAHs. These values were within the range of a literature values (0.00015 to 0.0015 mg m-

2 d-1) observed in a benthic chamber study of pyrene flux (278). In contrast, our measured 

ebullition-facilitated PAH fluxes were typically much higher. Anthracene, benzo(a)pyrene, 

chrysene, fluoranthene and fluorene ebullition-facilitated fluxes varied from 0-0.3 mg m-2 d-1, 0-

1.6 mg m-2 d-1, 0-1.7 mg m-2 d-1, 0-7.3 mg m-2 d-1 and 0-0.4 mg m-2 d-1, respectively. Naphthalene, 

phenanthrene and pyrene ebullition-facilitated fluxes ranged from 0-0.4 mg m-2 d-1, 0-0.9 mg m-2 

d-1 and 0-5.7 mg m-2 d-1, respectively (307).  

 
Figure 7.9. PAH fluxes to the water column measured during the benthic chamber study in 

the nine sampled sites at Bubbly Creek and the turning basin of Bubbly Creek. BCTB2, 

BC-CDM4, BC-CDM9 and BC-CDM13 all had non-detectable PAH fluxes. 
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Comparison between benthic and ebullition-facilitated contaminant fluxes. The benthic 

fluxes were compared on an annual basis to the magnitude of the ebullition facilitated fluxes 

(with some simplifying assumptions) to provide a point for comparison of each process 

magnitude. Although the benthic flux was measured only during one season (fall), the rate was 

extrapolated for the entire year to a first approximation if we assume that the release is due to a 

diffusive process (with no bioturbation). In Fickian diffusion, transport in response to a 

concentration gradient is controlled by the apparent diffusivity Dapp. The Dapp observed in the 

field incorporates both the physical diffusion process (effective diffusivity, Deff) and any 

advective or bioadvective processes that facilitate flux. Although Deff is affected by temperature, 

its magnitude is not as sensitive to changes of temperature as compared to biological processes. 

Bioadvection would clearly be sensitive to seasonal changes. However, the benthic flux 

measurements were done in relatively warmer conditions than the yearly average (12.3° C versus 

an annual average of 9.7° C), and thus we could assume to a first approximation that the benthic 

flux measured is largely representative of the average benthic flux observed throughout the year. 

Based on this assumption, we compute the total areal mass release to the water column per m2 of 

sediment on an annual basis and compare it to the cumulative mass release by gas ebullition 

(assuming a constant rate for each season in the current study). 

The results demonstrate that contaminant transport due to gas ebullition is as significant a 

source of pollutant release to the water column as direct benthic transport (Figures 7.10-7.11). In 

several sites, Σ16PAHs and some metals were released from the sediments by gas ebullition at 

higher rates than released by direct benthic release. For example, total annual areal mass release 

of metals due to gas ebullition at site BCTB5 (Figure 7.10b) followed the trend of (mass release 

in mg m2 yr-1): Zn(1300) >> Pb(510) ~ Mn (470) > Ba(370) > Cu(300) >> Cr(75) > Ni(50). A 
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different trend was observed for direct benthic flux (Figure 7.10a): Pb(300) > Cu(250) ~ Mn 

(250) ~ Ni(240) > Cr(180) > Zn(120) ~ Ba(110). At the same site, the ebullition facilitated 

release of total PAHs on an annual basis is predicted to be 470 mg m2 (Figure 7.11b). These 

levels were more than an order of magnitude greater than by direct benthic release (Figure 

7.11a).  

 

 

Figure 7.10. Cumulative annual metal release on an areal basis by a) direct release and b) 

ebullition. Shown are areal mass release rates to the water column per m
2
 of sediment on 

an annual basis in nine sampled sites at the Chicago River. Note different y axis. 

  

BCTB2 BCTB5 BCTB10 BCTB13 BC-CDM4 BC-CDM8 BC-CDM9 BC-CDM11 BC-CDM13

-200

-100

0

100

200

300

400

500

600

700

800

900

1,000

C
u
m
u
la
ti
v
e
 m
a
s
s
 r
e
le
a
s
e
 (
m
g
 m

-2
)

Contaminant

Ba CuCr NiMnPb Zn
1.E-01

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

Ba Cr Cu Pb Mn Ni Zn 

C
u
m
u
la
ti
v
e
 m
a
s
s
 r
e
le
a
s
e
 (
m
g
 m

-2
)

Contaminant

b) a) 



207 

 

 

  

Figure 7.11. Cumulative annual PAH release on an areal basis by a) direct release and b) 

ebullition. Shown are areal mass release rates to the water column per m
2
 of sediment on 

an annual basis in nine sampled sites at the Chicago River. LMW PAHs have 2-4 rings and 

HMW PAHs have 5-6 rings. Benthic flux mass release assumes constant rate of flux 

throughout year. Note different scale on the y axis. 

 

In general, the fluxes due to gas ebullition are significantly higher than the fluxes from the 

benthic flux study (Figures 7.10-7.11). The difference between direct benthic flux release and 

ebullition-facilitated release of PAHs was much greater than for metals. As an example, the 

ebullition facilitated release of PAHs on an annual basis for BCTB5 is predicted to be ~180 mg 

m2 for 5-6 ring PAHs and ~150 mg m2 for 2-3 ring PAHs, with a Σ16PAH mass release of 480 

mg m2 on an annual basis. These levels were more than an order of magnitude greater than by 

direct benthic release.  

In addition to the relative magnitude of the mass fluxes between direct release and 

ebullition, there is also an observable inverse trend of PAH fluxes with location in the creek. As 

previously mentioned, ebullition-facilitated Σ16PAH fluxes increase with distance away from 

RAPS. This is clearly observed on an annual basis (Figure 7.11), and is also consistently 
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observed for both HMW and LMW PAHs. A similar trend was observed for direct release of 

Σ16PAHs. 

 

Nutrient and electron acceptor/donor flux measurements. Sulfide, ammonia, nitrate, DOC 

and TFP fluxes varied from -0.70 to 1.8, 0.65 to 3.3, -2.9 to 0.34, -0.17 to 0.82 and -1.8 to 0.29 

mg m-2 d-1, respectively (Figure 7.12). Sediment oxygen demand (SOD) was statistically 

significantly higher (95% CI, Student's t-test) in the turning basin (2.7±1.7 mg m-2 d-1) compared 

to the creek proper (0.65±0.38 mg m-2 d-1). This is consistent with our observations of higher 

SOM in the turning basin sediments, as well as our conjecture that RAPS discharge events may 

be responsible for the deposition of organic-rich sediments in the turning basin as velocities drop 

when the creek widens. For comparison, literature measured benthic dissolved oxygen, 

ammonium, and phosphate fluxes vary from -350 to -16, -7.92 to 22, and 0.192 to 5.2 mg m-2 d-1, 

respectively (300, 303-304). Not surprisingly, higher SOD fluxes were observed at BCTB10 and 

BCTB13 than at BC-CDM9. The former sites have higher water flow because they are affected 

by the main stem Chicago river flow through the turning basin and thus also have decreased 

DBL thickness, which should result in higher SOD fluxes (all other factors been equal) (308). 

The DBL constitutes a resistance layer for oxygen diffusion into the sediments (308-309).  

We observed positive sediment-to-water sulfide fluxes in eight of the nine sampled sites. 

The fluxes of sulfide were statistically significantly correlated with DOC fluxes out of the 

sediment. While these data are not sufficient to ascertain any mechanistic relationship between 

DOC and sulfide, they are consistent with high rates of sulfate-reducing bacteria activity forming 

sulfides, which was likely given the highly reducing sediments. DOC release from anaerobic 

sediments has been reported for other systems, frequently accompanied by phosphorus release 
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(310-311), as was observed in our benthic flux results. From a water quality standpoint, neither 

of these processes is desirable because they are well known to contribute or exacerbate 

eutrophication. From a toxicity standpoint, sulfide flux into the water column that exceeds the 

oxidizing capability of aerobic activity contributes to low DO and anoxia in the water column, as 

well as direct toxicity to sensitive species such as zooplankton (310). 

 
Figure 7.12. Sediment oxygen demand (SOD), ammonia, nitrate, sulfide, dissolved organic 

carbon (DOC) and total filtered phosphorous (TFP) fluxes to the water column measured 

in the benthic chamber study at nine sampled sites at Bubbly Creek and the turning basin 

of Bubbly Creek. Except for SOD, positive fluxes represent sediment-to-water transport 

and negative fluxes represent water-to-sediment flux. SOD is positive when consumption of 

water column DO occurs due to oxygen sinks in the sediment. 

 

There was a strong, statistically significant (95% CI) negative correlation between ammonia 

fluxes from the sediments to the water column and nitrate fluxes (Figure 7.13). While these data 

are not sufficient to determine where nitrogen transformation processes such as denitrification, 

ammonification (release of ammonia from organic matter biodegradation) (312), and nitrification 

occur in relation to the sediment-water interface, we can draw some conclusions about the 
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relative importance of these processes. The slope of the correlation is consistent with a 

stoichiometrically proportional rate of nitrate consumption with ammonia release from the 

sediment. This is consistent with a global balance between dissolved N species fluxes into and 

out of sediment. Under anaerobic conditions, nitrification, a strictly aerobic process, would be 

inhibited (302, 313). Non-zero concentrations of DO and nitrate were always present in the 

chamber during the experiment, and mid-depth water column measurements were also non-zero, 

varying from 4.8-6.8 mg L-1 DO and 0.8-3.5 mg L-1 nitrate, respectively. Thus aerobic processes 

would likely occur in the water column rather than the highly reducing sediments. Neither 

nitrification of ammonia nor denitrification would be consistent with the high sediment-to-water 

fluxes of ammonia. If nitrification were the only process occurring in the benthic chamber, we 

would expect to see decreasing ammonia and increasing nitrate. Although significant 

denitrification occurs in all of these sediments, as demonstrated by the 44±10% N2 content (4) in 

the evolved gas measured in the field (resulting in average N2 fluxes out of the sediments 

1772±441 mg N m-2 d-1), we also would not expect to see increasing ammonia. The data are thus 

most consistent with ammonification of SOM being the dominant nitrogen transformation 

process relative to nitrification/denitrification. 

Sediment oxygen demand was significantly higher in the turning basin compared to the 

creek proper (95% CI), with rates up to 5 mg m2 d-1 at site BCTB13. These results are consistent 

with 1D modeling of quiescent periods and 2D modeling of Bubbly creek RAPS events (291) 

using the numerical model STREMR-HySedWq that indicate the sediments are a sink for 

electron acceptors like oxygen and nitrate, as well as with the observed high rates of biogenic gas 

production due to anaerobic microbial activity in the sediment. 
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Figure 7.13. Scatterplot matrix of SG OC, sulfide, SOD, nitrate, ammonia, TFP and DOC. 

Curves represent the 95% confidence level. 

 

7.5. Conclusions and Implications 

Gas ebullition is an important pathway for release of PAHs and heavy metal pollutants to the 

water column. Comparison of the direct benthic release rates to ebullition facilitated rates 

suggest that Σ16PAHs are released at significantly greater rates by biogenic gas production. 

Although the increase in release rate is not as great for metals, ebullition facilitated release rates 

are frequently much greater. On an annual basis, ebullition-facilitated fluxes for Σ16PAHs for the 

entire creek are predicted to be 59 kg based on the annual fluxes for each site using the Thiessen 
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polygon method (313-314). For the six metals Ba, Cr, Cu, Pb, Ni and Zn, the total annual 

ebullition-facilitated fluxes are predicted to be 26, 8, 50, 75, 2 and 106 kg using the same 

method. On an annual basis, benthic fluxes released from the sediments for Σ16PAHs for the 

entire creek are predicted to be 0.4 kg based on the annual fluxes for each site. For the six metals 

Ba, Cr, Cu, Pb, Ni and Zn, the total annual fluxes are predicted to be 8, 1.5, 2.5, 21, 3 and 4.5 kg 

using the same method. While we do not have data to determine the current input to the creek 

from CSOs and other sources, we can estimate the concentration of these pollutants in the RAPS 

stormwater/wastewater discharges that would need to be present to exceed these values based on 

the average 0.64 m3 s-1 flowrate of RAPS discharge events for the period 2000-2008. The metals 

Ba, Cr, Cu, Pb, Ni and Zn would need to be present on the order of only 2, 0.5, 3, 5, 0.2 and 6 µg 

L-1 and Σ16PAHs would need to be present at 3 µg L-1. Therefore, the contaminant release by the 

RAPS is likely an important source of contamination to the Creek compared to benthic and 

ebullition-facilitated contaminant release. 

Based on these findings, it is clear that attempts to clean up Bubbly Creek must take into 

account controlling RAPS discharge as well as the continued release of contaminants from the 

sediments due to historical pollution; particularly in sediments with active gas ebullition. The 

RAPS is, however, the largest sewage pumping station in the world. Normal CSO inputs are 

substantially lower than the RAPS input. Thus, not taking sediment contaminant release in urban 

waterways into account will likely result in a re-contaminated sediment-water interface, and 

continuing releases into the water column. 
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CHAPTER VIII. CONCLUSIONS AND IMPLICATIONS 

 

The results from simulations performed with measured Kd and cap parameters compared to 

literature-derived model simulations demonstrate the need for uncertainty analysis, which is 

driven primarily by sediment chemistry that greatly affects Kd and the variety of cap materials 

with different permeabilities. More Kd data under realistic field conditions are needed to reduce 

uncertainty to a level more acceptable in managing risk. The measured Kd values reported here 

contribute to reduce uncertainties in parameters to a level more acceptable in managing risk. 

Although none of the caps exhibited a high sorption capacity for As, OC and apatite performed 

clearly better than sand and GAC. The Kd results indicate close agreement between the 

experimental and literature Kd values with the exception of As and Cd with apatite. Surprisingly, 

OC exhibited a significantly higher sorption capacity than apatite for Cd based on the isotherm 

study results. On the other hand, based on the column study, apatite performed very well for Cd 

in the column study with full breakthrough after 12000 pore volumes, as expected. Sand did not 

exhibit such a poor sorption capacity as expected for Cd with full breakthrough after 4000 pore 

volumes. Based on the column experiment results, GAC performed poorly for both As and Cd.  

Knowing site specific conditions would also contribute to decrease uncertainty in my 

simulations for a specific site, but the utility of a broader comparison is the ability to focus data-

gathering efforts on the caps that are likely to be more effective and the contaminants that are 

driving risk. Further, the importance of kh is clearly demonstrated by my simulations. These 

results may lead to modified cap formulations to decrease permeability and thus improve 

performance.  
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Based on the literature-derived simulations, cap thickness is clearly the most important 

factor under diffusion with sand caps performing best under diffusion. However, an inadequately 

armored sand cap layer alone may not work satisfactorily, even in sites that are only under 

diffusive transport conditions due to erosive losses of cap material over time. Under advection, 

decreased hydraulic conductivity may be as or more important than increased Kd. Apatite had the 

best performance for Cd, Cr and Pb and low hydraulic conductivity organoclay performed best 

for Ag, As, Ba, CH3Hg and CN. In some cases, organoclay behaved similarly under diffusion 

and advection because this cap material is both a sorbent and a hydraulic barrier, while the thick 

sand cap effectiveness was completely different under advection because it is not a sorbent and is 

highly permeable.  

Overall, no cap is predicted to be effective for Cr and CN under advection. Thicker caps 

could thus be applied to ensure effective performance, although this would result in increased 

cost. Sand and apatite are the most effective caps for Hg, but organoclay may be effective as 

well. Sand, organoclay and tires are predicted to be effective for CH3Hg under diffusion only, 

but a thicker cap of organoclay would probably be more effective under advection. Sand is 

predicted to be effective for Ag and As under diffusion, but a thicker cap of organoclay would 

likely be the best alternative for these metals under advection. Sand and apatite are predicted to 

be effective for Cd and Pb at neutral pH, but only apatite is predicted to be effective under 

advection. 

Cap combinations (e.g. apatite or organoclay followed by sand) may be the most 

economically efficient capping formulation. The apatite or organoclay mat providing effective 

advective sequestration and the sand layer contributing for both stability and as a thick diffusive 

pathway.  
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There are currently >100 contaminated sediment projects were capping is planned or has 

been implemented. However, capping tends to be “harder sell” for regulatory agencies and the 

public. I hope these experimental and modeling results from cap efficiency for different metal 

contaminants under a variety of environmental conditions and cap characteristics contribute to a 

better understanding of the effectiveness of capping and to focus efforts on future studies. 

The results shown in chapters 6 and 7 demonstrate that both metal and organic contaminants 

are transported by gas ebullition and represent a significant contribution to the total contaminant 

flux from sediments to the water column in contaminated riverine freshwater systems. In 

addition, both the mechanistic and an empirical models for predicting gas fluxes at urban 

contaminated freshwater systems shown in chapter 6 may be used to predict field gas fluxes 

based on more easily measurable parameters such as temperature and Slabile. The heterogeneity in 

sediment chemical and physical parameters among all of the studied sites contributes to broad 

validity of these findings.  

Multiple lines of evidence support the hypothesis that ebullition-facilitated transport is 

mechanistically different for PAHs compared to metals. These include the statistically significant 

correlation between ebullition-facilitated metal flux and gas flux, contrasted with the statistically 

significant correlations between ebullition-facilitated PAH flux and both SG OC and 

concentration in the sediments (p-value<1E-05). These results are consistent with a PAH 

transport mechanism combining organic-rich particle re-suspension and sorption into/onto the 

gas bubbles from sediment porewater; while metal release is due mainly to particle re-

suspension. Thus, the limiting factor for metal release is the amount of bubbles produced (and 

indirectly the lability of the sediment organic matter to biodegradation), whereas the amount of 
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organic carbon (indirectly affecting partitioning), coupled with its lability to biodegradation 

limits PAH release. 

Comparison of the direct benthic release rates to ebullition facilitated rates suggest that 

Σ16PAHs are released at significantly greater rates by biogenic gas production. Although the 

increase in release rate is not as great for metals, ebullition facilitated release rates are frequently 

much greater.  

On an annual basis, ebullition-facilitated fluxes for Σ16PAHs for the entire Bubbly Creek are 

predicted to be 59 kg (313-314). For the six metals Ba, Cr, Cu, Pb, Ni and Zn, the total annual 

ebullition-facilitated fluxes are predicted to be 26, 8, 50, 75, 1.9 and 106 kg. On an annual basis, 

benthic fluxes released from the sediments for Σ16PAHs for the entire creek are predicted to be 

0.39 kg. For the six metals Ba, Cr, Cu, Pb, Ni and Zn, the total annual fluxes are predicted to be 

7.8, 1.4, 2.5, 21, 2.9 and 4.3 kg. The estimated concentration of these pollutants in the RAPS 

stormwater/wastewater discharges that would need to be present to exceed these values (based 

on the average 0.64 m3 s-1 flowrate of RAPS discharge events for the period 2000-2010) are on 

the order of only 1.7, 0.45, 2.6, 4.7, 0.24 and 5.5 µg L-1 for Ba, Cr, Cu, Pb, Ni and Zn, 

respectively, and on the order of 2.9 µg L-1for Σ16PAHs. Therefore, the contaminant release by 

the RAPS is likely an important source of contamination to the Creek compared to benthic and 

ebullition-facilitated contaminant release. Based on these findings, it is clear that attempts to 

clean up Bubbly Creek must take into account controlling RAPS discharge as well as the 

continued release of contaminants from the sediments due to historical pollution; particularly in 

sediments with active gas ebullition. Note that the RAPS is one of the largest sewage pumping 

stations in the world. Normal CSO inputs are substantially lower than the RAPS input. Thus, not 

taking sediment contaminant release in urban waterways into account will likely result in a 
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contaminated sediment-water interface, and continuing releases into the water column as 

demonstrated by the measured values of contaminant release from the sediments to the water 

column shown in chapters 6 and 7. 
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APPENDIX A: MODELING AND CONTROL OF GAS EBULLITION IN CAPPED 

SEDIMENTS 

 

This chapter is reproduced with permission from Viana et al. (272). Copyright (2007) 4th 

International Conference on Remediation of Contaminated Sediments. 

The following publication is a first-authored refereed conference proceeding based upon 

research I participated with two other graduate students from the Environmental Engineering 

Laboratory of Professor Rockne at University of Illinois at Chicago. My component of the 

research included field sampling and laboratory analysis of sediments for physical parameters. I 

was also responsible for performing the gas production study in the laboratory. The University of 

Illinois graduate college guidelines allow the inclusion of first-authored publications in the body 

of the PhD dissertation. 

 

A.1. Abstract 

A major concern in sediment capping effectiveness is gas ebullition from organic matter 

biodegradation in sediments. Gases may open advective channels that can result in substantial 

pollution release. The aim of this study was to determine the gas ebullition rate in sediments in 

preparation for construction of an active capping technology demonstration at the Collateral 

Channel site in the Chicago River. Sediment samples were collected from five sites along a 

transection of Collateral Channel from the combined sewer outfall at the Channel terminus. 

Biogenic gas production was measured in samples incubated at 5° to 35° C. Gas production 

followed a first order reaction trend and Arrhenius plots were obtained to determine the 

temperature dependence of the kinetic rate. These allowed us to predict gas ebullition for the 
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annual temperature variation in the sediments. CO2/CH4 ratios change with temperature, with 

lower ratios at lower temperatures suggesting dominance by acetoclastic methanogens. These 

data were used to select adequate active capping remedial alternatives for the Channel. We 

conclude that wide variations in gas production occur, necessitating gas capture/control during 

the elevated temperatures of summer. To achieve this, an innovative geo-mesh material with an 

overlying highly permeable layer will be employed.  

 

A.2. Introduction 

Gas ebullition due to methanogenic activity in sediment caps has yet to be fully investigated; 

even though it is known that methanogenic organic matter degradation facilitates contaminant 

transport through caps and gas accumulation may cause cap damage (195). Gas bubbles 

generated due to methanogenic activity are hydrophobic and tend to accumulate hydrophobic 

contaminants and colloids on their surface. If the amount of gas produced is too high, the gas 

will evolve in a separate phase and the cap may burst, particularly in unconsolidated surface 

layers. The aim of this study is to estimate the amount of gas that may be produced at Collateral 

Channel (Chicago, IL, USA) on an annual basis and to evaluate the methanogenic activity due to 

acetoclasts and hydrogenotrophs in the surface grab samples. 

Collateral Channel is a former navigation slip to the Chicago Sanitary Ship Canal (CSSC) 

located near Kedzie Avenue, Chicago, IL, USA. A large combined sewer overflow (CSO) is 

located at the head of the Channel. The CSSC is dominated by industrial and commercial land 

uses. However, there are plans for urban ecological restoration in the area. Through many 

decades contaminants were deposited in Collateral Channel with polycyclic aromatic 
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hydrocarbon (PAH) concentrations approaching 1500 mg/kg and lead concentrations up to 228 

mg/kg (8).  

Methane and carbon dioxide are end products of the degradation of organic matter under 

anaerobic conditions. In the complex process of organic matter degradation, fermenters degrade 

the more complex organic matter producing monosaccharides, fatty acids/alcohols and hydrogen. 

Under low hydrogen concentrations, syntrophic bacteria consume those fatty acids and alcohols 

producing acetate, carbon dioxide and hydrogen that may be consumed by homoacetogens to 

produce acetate, and also by hydrogenotrophs to produce methane. Additionally, homoacetogens 

degrade monosaccharides producing acetate, which can then be converted to methane and carbon 

dioxide by acetoclastic methanogens (197). The microbial community structure (and thus the 

volume and type of gas produced) is strongly affected by temperature changes. 

Hydrogenotrophic methanogens are stimulated by increased temperature to a greater extent than 

are acetoclastic methanogens (198). Hydrogenotrophs produce only methane, consuming carbon 

dioxide and hydrogen, while acetoclasts produce methane and carbon dioxide as shown in 

equations A.1 and A.2. 

Hydrogenotrophic methanogenesis 

OHCHHCO 2422 24 +→+           ∆G0 = -131 kJ/mol  (A.1) 

Acetoclastic methanogenesis  

243 COCHHCOOCH +→+ +−      ∆G0 = -76 kJ/mol  (A.2) 

 

A.3. Materials and Methods 

Sampling. Surface grab samples were collected along the east transect of Collateral Channel 

as described in Zhao et al. (8) (Figure A.1). Surface grab samples were chosen to represent the 
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likely “worst case” scenario with the most diagenetically young organic matter in the surface 

layers and thus the highest gas production potential. 

 

 

Figure A.1. Sampling sites at Collateral Channel: (a) Highlighted are selected core (C) and 

surface grab (SG) locations from the current study. A large combined sewer overflow 

(CSO) is located at the north head of the Channel (at the top of the figure); (b) Surface 

grab locations along eastern transect from the CSO at the northern terminus of the 

channel. Base satellite photo from Google – Map data© 2007 NAVTEQ™. 

 

Physical/chemical analyses. Organic carbon content was determined by elemental analysis 

(FlashEA® 1112, Thermo Electron), nitrate and sulfate were determined by ion chromatography 

(Dionex IC25), organic matter content and percent solids were determined as described in Zhao 

et al. (8). The samples from sites five to nine (see Figure A.1a) were homogenized and a 100 mL 

subsample was added to serum bottles, sparged with nitrogen gas, sealed and incubated upside 

down quiescently at 5°, 20°, 25° or 35° C. Volumetric gas production was monitored with a 

calibrated syringe in duplicates and killed controls. Methane and carbon dioxide were quantified 

by gas chromatography with thermal conductivity detection (9300B, SRI instruments).  
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A.4. Results and Discussion 

The results for nitrate and sulfate concentration in porewater can be observed in Figure 

A.2a. The amount of nitrate was very low, but there was some sulfate present. Considering the 

immediate commencement of gas production, the very high ratio of methane production to 

carbon dioxide observed since the beginning of the incubation period and the total amount of 

methane produced during a one year period, it is clear that sulfate was rapidly consumed and 

methanogenesis was the predominant microbial activity at these sites. The organic matter content 

of the samples (Figure A.2b) was as high as 32%, while the solids content varied from 10 to 

26%. Consumption of all sulfate at site 8 would at most account for oxidation of 34 mmol C/L, a 

small fraction (<1%) of the total organic carbon in the sediment. 

 

  

Figure A.2. Collateral Channel surface sediments: a) Sulfate and nitrate in porewater; b) 

Organic matter content. 

 

Gas production varied substantially as a function of temperature and site location (Figures 

A.3a-b). The highest amount of gas production was observed at site 5 nearest the CSO (Figure 

A.3b). Gas production decreased as the distance from the CSO increased. We speculate that less 

diagenetically aged organic matter near the CSO probably stimulated these higher rates of gas 
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generation. Summer temperatures result in three times more gas production than winter 

temperatures. 

Figure A.3. (a) Gas production as a function of temperature for Collateral Channel 

sediment site 5; (b) Gas production at all Collateral Channel sediment sites at 20°°°° C. 

 

The biogenic gas production reaction rate constant k was calculated for each site using the 

Fujimoto method (Figure A.4a) assuming a first order depletion of available methanogenic 

substrate as shown in equation A.3: 

)1()( max
kteCtC −−= 	 (A.3) 

It can be observed that the rate constant values decrease as the distance from the CSO 

increases, showing the impact of the wastewater and storm water discharges in the past. Rate 

constants were plotted on an inverse temperature Arrhenius plot to obtain the activation energy 

for methanogenesis (Ea). The mean activation energy of methanogenesis for all sediments was 43 

± 17 kJ/mol (Figure A.4b). Site 5 (near the CSO) had material that was more biodegradable, 

while site 7 likely had a more complex substrate, as shown by its higher activation energy.  
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Figure A.4. (a) First order methanogenic rate constants for surfacial Collateral Channel 

sediments as a function of temperature; (b) Methanogenic activation energy for Collateral 

Channel surfacial sediments. 

 

Our results agree with methanogenic Ea values reported in the literature (Table A.1). Values 

ranged from 27 – 138 kJ/mol; the lowest observed with simple substrates (phenol) and higher 

values were observed with more complex organic compounds like fulvic acids and humic acids 

commonly found in peat soil. 

 

Table A.1. Activation energy values from literature. 

Matrix Ea (kJ/mol) Reference 
Wetlands (fen soil) 138±17 (unsaturated) 

84±6 (saturated) 

(274) 

Wetlands 74.3 – 79.5 (315) 

Wetlands 29 – 50 at 51 d  (316) 

Primary sludge 50 (317) 

UASB reactor (phenol) 27.2 (273) 

Paddy soil 59.7 (318) 

Paddy soil 91.0  (198) 

Wetland rice soil 48 - 65 (319) 

120 mL serum bottles (45 mL 

mineral medium, 2 mL amorphous 

cellulose) 

121±1 (320) 

Peat soil 123 - 271 (321) 

Alder swamp 92 - 110 (322) 

Lake sediment 76 (275) 
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The volume of gas that may be produced at each site per cubic meter of sediment was 

estimated for the whole year (Figure A.5). Gas production at site 5 (nearest the CSO) may 

exceed 4 m3 gas/ m3 sediment. Sites 6, 7 and 8 all exceed 2 m3 gas/m3 sediment. Site 9, most 

distant from the CSO, was the only site containing sediment that would not produce gas in 

excess of its own volume on an annual basis. Although these sediments were disturbed during 

experimental set up (and therefore may represent a higher value than in undisturbed sediments in 

situ) we argue that it still may represent a realistic prediction under capping scenarios because 

the sediment will be disturbed during cap placement. 

 

 

Figure A.5. Estimated volumetric gas production (m
3
 /m

3
 of sediment) in Collateral 

Channel surfacial sediments as a function of distance from the CSO. 

 

The maximum amount of methanogenic substrate (Cmax) was estimated for each sediment 

from the first order depletion kinetic model (Equation A.3). Comparing the total organic carbon 

content value at each site (Figure A.6a) with the Cmax value (Figure A.6b) indicates that the 

amount of substrate available to methanogenesis is very low. Well less than 10% of the total 

organic carbon could be accounted for as methanogenic substrate, even after more than a year of 

0.0

1.0

2.0

3.0

4.0

5.0

32 56 80 104 200

Distance from CSO (ft)

G
a
s
 P
ro
d
u
c
ti
o
n
 (
m
3
/m

3
)

Spring + Fall (180 d)

Summer (90 d)

Winter (90 d)



227 

 

incubation. It is likely that the organic matter that could serve as methanogenic substrate was 

depleted, leaving behind more complex organic matter. 

 

Figure A.6. (a) Organic carbon content of surficial Collateral Channel sediments as a 

function of distance from the CSO and (b) Cmax at each site as a function of temperature. 

 

The CH4/CO2 ratio of biogenic gas was affected by temperature (Figure A.7). Lower ratios 

were observed at lower temperatures, suggesting dominance by acetoclastic methanogens. 

Higher gas production and higher CH4/CO2 ratios were observed at sites 5 and 6 at low 

temperatures than for the other sites, suggesting a greater prevalence of hydrogenotrophic 

methanogens. 

 
Figure A.7. CH4/CO2 ratio of biogenic gas produced from Collateral Channel surfacial 

sediments as a function of temperature.   
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A.5. Conclusions and Implications 

Due to the high amount of gas produced, particularly at site 5, gas control will likely be 

needed for this site to ensure cap integrity. To achieve this, the design team will employ a geonet 

layer with overlying high permeability sand between the contaminated sediment and the cap 

material to collect the gas at the sides of the Channel. This will prevent the cap from potential 

breach by gas ebullition. Monitoring of gas production for an entire year was important to better 

predict the amount of gas produced. This can be seen by comparing the predicted gas ebullition 

from a short term (30 d) data set. Gas production would be overestimated by a factor of 2 – 3. 

The activation energy of methanogenesis in Collateral Channel sediments is 43.4 ± 17.0 kJ/mol. 

The amount of organic carbon available as substrate for methanogenic activity is very low, 

suggesting that sedimentary organic carbon is a poor predictor of methanogenic activity. 
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APPENDIX B. EBULLITION-FACILITATED TRANSPORT OF HEAVY METAL 

CONTAMINANTS TO THE WATER COLUMN 

 

This chapter is reproduced with permission from Viana et al. (4). Copyright (2009) 5th 

International Conference on Remediation of Contaminated Sediments. 

The following publication is a first-authored refereed conference proceeding based upon 

research I participated with other graduate student from the Environmental Engineering 

Laboratory of Professor Rockne at University of Illinois at Chicago. My component of the 

research included field sampling and laboratory analysis of sediments for physical parameters. I 

was also responsible for performing the gas ebullition study. The University of Illinois graduate 

college guidelines allow the inclusion of first-authored publications in the body of the PhD 

dissertation. 

 

B.1. Abstract 

Our study aims to quantify metal contaminant transport from the sediment to the water 

column due to gas ebullition. Sediment surface grab (SG) and core samples were collected in 14 

contaminated sediment locations in three different sites in the Chicago River. We investigated 

correlations between in situ gas ebullition rates and laboratory gas production rates, sediment 

organic carbon (OC), organic matter, chemical oxygen demand and sediment composition. 

Biogenic gas production was measured in laboratory incubations over the temperature range 5° 

to 35° C. Gas ebullition was measured in the field (GFf) with gas collector systems placed at the 

14 sample sites. Glass wool traps were placed in each gas collector system to collect bubble-

entrained particulates and non aqueous phase liquids to measure the ebullition-facilitated 

contaminant transport. Principle component and multivariate analysis demonstrates that the 
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correlation between laboratory gas production and SG OC content is statistically significant (p-

value 0.08). SG OC combined with laboratory gas production rate predicted GFf best (p-value 

0.02). Interestingly, both increased sediment depth and increased whole core OC levels were 

inversely proportional to GFf, indicating that biogenic gas ebullition may be localized to upper 

sediment layers, which explains that SG OC is better correlated with field gas ebullition than 

core OC. Ebullition-facilitated metal fluxes were surprisingly large, with resultant fluxes of 10, 

2, 6, 30 and 490 mg m-2 d-1 for Pb, Cr, Ba, Zn and Fe, respectively. These fluxes were 10-1000 

times higher than predicted to occur by porewater diffusion from uncapped sediments, and on the 

order of advective porewater metal flux under a large hydraulic gradient of 0.05 m/m. 

 

B.2. Introduction 

Gas ebullition due to methanogenic activity is an important factor that needs to be 

understood and accounted for in a cap design. As observed by Reible and others (10), gas 

bubbles may damage the cap layer. Because gas bubbles are hydrophobic and tend to accumulate 

hydrophobic contaminants and sediment particles on their surface, they may transport 

contaminants by enhancing sediment resuspension (3).  

There have been some studies measuring gas production in the field, with very different gas 

production fluxes due to site characteristics. Tanner et al. (199) observed a methane flux varying 

from 0.07 to 0.67 L m-2 d-1 for a wetlands that had treated wastewater. Sovik et al. (200) 

measured methane and carbon dioxide fluxes in ten constructed wetlands in Europe, which were 

up to 53 and 47 L m-2 d-1, respectively. Hughes et al. (202) obtained, based on a laboratory study, 

gas production fluxes of up to 2.7 L m-2 d-1 in the Anacostia River, Washington, D.C. However, 

the researchers commented that the amount of bubbles released naturally is probably about only 

10% of the obtained in a laboratory experiment because both trapped and bubble gas are 
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measured in laboratory due to overpressure in serum bottles. The authors also mentioned the 

effect of water tide in field gas ebullition. During low tide, overlying hydrostatic pressure is 

decreased and the gas flux increases. The opposite would occur for higher tides. Fendinger et al. 

(20) stated that sediment composition, redox potential, microbial population of the sediments 

(methanogenesis and denitrification activity) and water depth are some of the factors affecting 

gas ebullition. Thus, field gas fluxes can vary a lot and better understanding the factors 

influencing gas fluxes can help in predicting more accurate field gas flux values.  

Knowing the composition of gas produced is also important as three of the most important 

greenhouse gases worldwide may be produced through methanogenic and denitrification activity. 

Carbon dioxide and methane are the common products of methanogenic degradation, but N2O 

can also be produced as an intermediate of the denitrification process. According to Stadmark 

and Leonardson (203), experiments have shown seasonal variation in the emission of greenhouse 

gases due to temperature and to varying composition and bioavailability of organic bacterial 

substrates in aquatic sediments. Huttunen et al. (204) observed bubble gas content of CH4 and 

CO2 equal to 48-67% and 0.01-1.1%, respectively, while Casper et al. (205) observed mean gas 

content of CH4, CO2 and N2 equal to 66, 3 and 36%, respectively. Both studies were performed 

in situ with lake sediment.  

There are a limited number of studies investigating the amount of contaminants transported 

to the water surface due to gas ebullition. Yuan et al. (3) found that significant amounts of both 

solid particulate matter and contaminant can be transported from the sediment to the water 

column by gas movement. The authors observed that the amount of contaminant and solid 

particulate transported is related to the volume of gas released. Hulls and Costello (206) 

observed in their bench tests with sediment from Stryker Bay, Duluth Minnesota, that PAH are 
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transported to the water column due to groundwater advection and gas ebullition. The authors 

concluded that a sand cap can be effective to minimize contaminant release and to prevent gas 

from forming due to sediment insulation. Fendinger et al. (20) noted that sediment contaminant 

transport may be a function of gas ebullition rates, Henry’s law constant and porewater 

contaminant concentration. According to the researchers, organic contaminant partitioning 

occurs mainly between sediment gas and porewater, which is determined by gas/water partition 

coefficients of each compound in the sediment pore water. The process of organic contaminant 

partition between sediment solid material and gas bubbles is probably negligible due to the high 

liquid water content of many sediments. 

The objectives of this study were to A) compare gas production in the laboratory with field 

production under summer temperature to investigate correlations between easily measured 

parameters and field gas flux with the goal of eliminating the necessity to perform field 

measurements and B) quantify metal flux in gas collectors to quantify the magnitude of metal 

facilitated transport due to gas ebullition. 

 

B.3. Materials and Methods 

Sampling of Collateral Channel, the Turning Basin near Bubbly Creek and Bubbly Creek 

was conducted onboard the Metropolitan Water Reclamation District (MWRD) RV PC1 in 

September 2005, November 2005 and July 2008, respectively. A combined sewer Outfall (CSO) 

exists on the northern terminus of Collateral channel that released wastewater for decades but is 

no longer in use. Five core samples and five surface grabs (SG) were analyzed at Collateral 

Channel, four core samples and four SG at the Turning Basin, and five core samples and five SG 

at Bubbly Creek. Bubbly Creek is impacted by CSO effluent on an approximately monthly basis 
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from the Racine Avenue pumping station (RAPS), the largest sewage pumping station in the 

world. Detailed description and location of this sites can be found elsewhere (323).  

Gas production assays in serum bottle, wet bulk density, dry bulk density, percent solids, 

percent moisture, porosity ( ϕe), organic carbon (OC) and organic matter (OM) were analyzed in 

the laboratory as described by Viana et al. (130).  

Gas collection systems (Figure B.1) were based upon a design by Huttunen et al. (204) that 

was modified to provide a more robust sampler valve system with most parts available from a 

hardware store. The collector consists of an inverted funnel (25 cm external diameter), connected 

to a 1” PVC tube (75 cm long). The tube length was shortened when necessary to prevent the 

funnel from touching the sediment in shallow areas. A steel flange was placed on the tube to help 

the system sink while remaining in a vertical position. A PVC connection with a rubber stopper 

was used to facilitate collection of gas samples. Each collector was attached to a float and 

anchor. MWRD boats and personnel assisted our group during sampling. 

Glass wool was placed inside the funnel to trap contaminants transported with gas bubbles 

and outside the funnels as controls. The difference between these two values is the metal flux 

due to gas ebullition reported in this paper. T-tests comparing these samples showed that they 

were statistically significant different at the 95%. Metal analyses were performed by ICP-MS 

using standard methods by Stat Analysis (Chicago, IL). Gas sampling was conducted every day 

to minimize gas leakage. Samples of gas were collected with 1 mL syringes for gas composition 

characterization by GC-TCD (SRI instruments 9300B, Torrance, CA). Glass wool samples were 

brought to the laboratory intact and gas volume was measured by displacement of water in 

graduated cylinders. 
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Figure B.1. Gas collector system. Shown are a) complete collectors and b) detail of the 

collector valve. 

 

B.4. Results and Discussion 

The sediments are very heterogeneous, with SG OM content varying from 1.5 to 32%, core 

OM from 5.4 to 26%, SG OC from 1.8 to 20%, core OC from 0.6 to 15%, and SG porewater 

nitrate concentrations from 0.4 to 1.8 mg/L. Field sediment temperature varied from 23.5 to 27° 

C. Laboratory gas production data was best fit as a zero order rate law for the turning basin (TB) 

and for Bubbly Creek (BC), and as a first order rate law for Collateral Channel (CC). Mean field 

gas flux (GFf) and laboratory volumetric gas rate (VGPRl) can be observed in Table B.1, as well 

as the activation energy (Ea) per site. 

a) b) 
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Table B.1. Laboratory gas production rates, field gas flux, sediment depth and activation 

energy. 

 

CC5 had the highest VGPRl of all sites. We attribute this to its location as the site nearest to 

a CSO coupled with its very high SG OC (20%) and OM (32%). Further, the OM was 

diagenetically very young, as suggested by the copious prevalence of vascular plant debris and 

the lowest Ea for methanogenesis among all the sites. Sites BC13 and 11 had very low VGPRl, 

likely due to the low SG OC and SG OM content (<2.4%). Site BC11 had an anomalously high 

GFf, which may have been due to a recent storm resulting in new deposition of debris from a 

RAPS release event within 1 week prior to sampling. Site CC7 and BC13 were likely composed 

by a more diagenetically aged OM, as shown by their higher Ea values. Further, although site 

BC13 was nearest to RAPS, it had the lowest OM and OC levels and its sediment depth was 

among the shallowest. We attribute this to scouring of lower density OM-laden sediment 

particles during RAPS release events (flows from the RAPS can reach up to 175 m3 s-1), which is 

supported by the fact that sand comprised >80% of the sediment mass. 

Our results show that GFl does not necessarily overestimate GFf, as reported by Hughes et 

al. (202), even when considering the entire sediment depth to hardpan (hereafter referred to as 

Site 
GFf 

(L m
-2

 d
-1

) 

CH4 GFf 

(L m
-2

 d
-1

) 

VGPRl 

(L m
-3

 d
-1

) 
Water depth (m) 

Sed depth 

(m) 

Ea 

(kJ mol
-1

) 

CC5        7.7 4.6 18 5.5 0.5 16.6 ± 6.1 
CC6 8.0 0.8 11 5.2 0.3 43.0 ± 11.1 
CC7 9.8 6.7 8.7 4.3 1.2 63.7 ± 9.4 
CC8 11 4.9 6.0 2.9 2.6 44.8 ± 8.1 
CC9 6.2 1.4 2.4 1.2 4.3 49.0 ± 5.9 
TB2 5.4 3.6 3.7 2.2 5.7  
TB5 7.6 3.9 3.4 1.5 6.5 48.3 ± 7.4 

TB10 3.8 1.8 4.1 3.2 4.8 36.8 ± 11.9 
TB13 1.4 0.9 3.9 2.5 5.5  
BC13 6.0 2.6 2.2 4.6 2.1 61.7 ± 11.8 
BC11 9.1 3.6 1.8 1.2 3.6 41.0 ± 13.1 
BC9 3.9 2.4 10 3.1 3.0 21.2 ± 8.9 
BC8 3.7 2.5 7.5 2.1 2.5 29.8 ± 7.7 
BC4 8.3 5.4 14 3.5 3.2 32.1 ± 8.2 
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“sediment depth”) to calculate GFl. If we consider only the top 1m of sediment as ebullition 

active, eight of our 14 sites actually had higher GFf than GFl. The measured CH4 GFf are 

consistent with values reported in the literature, which range from 0.07 up to 53 L m-2 d-1 (199-

200). Our GFf are higher than those observed by Hughes et al. (202), which is not surprising as 

their study site (Anacostia River) had OC levels <6% (324). Our methanogenic Ea values are also 

consistent with literature-reported values, which range from 27 to 138 kJ mol-1 (273-274); lower 

values were observed with simple substrates and higher values were observed with complex 

organic compounds like fulvic and humic acids in peat soil. 

The yearly volume of gas that may evolve at each site was estimated based on the annual 

temperature variations on site corrected by the Arrhenius equation and laboratory gas production 

results (Figure B.2). Although these sediments were disturbed during experimental set up, we 

believe these results are a realistic prediction under a capping scenario as the sediment will also 

be disturbed and field gas ebullition rates were consistent with laboratory results (discussed in 

detail below). These results were used to estimate the total amount of CH4 and CO2 emitted to 

the atmosphere from the sediments based upon the field gas composition (51±9%, 5±1% and 

44±10% for CH4, CO2 and N2, respectively), assuming that summer gas composition was similar 

year round. Thus we estimate that 371,000 m3 of CH4 and 23,000 m3 of CO2 would be emitted 

per year by 325,000 m3 of sediment with a surficial area of 102,212 m2 for Bubbly Creek, the 

Turning Basin and Collateral Channel. 
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Figure B.2. Estimated volumetric gas production per m
3
 of sediment in field sites shown in 

roughly a north to south transect. 

 

We estimated the GFl and VGPRf based on a 1 m deep active ebullition zone. This depth 

was chosen based on Costello and Talsma (285) and on the changes observed in  ϕe and bulk 

density below 1 m depth. VGPRf based upon 1 m deep active zone were more correlated with SG 

OM and OC than VGPRf assuming the entire sediment depth was active. This suggests that using 

the entire sediment depth overestimates VGPRf. 

Surprisingly, GFl calculated from VGPRl were not correlated with any sediment parameter. 

This is likely because very shallow or very deep sediments include atypical biogenic gas 

production. OM and OC were more closely correlated with gas production. Chemical oxygen 

demand values are not well correlated with gas production; thus this variable was not considered 

for further correlations. Two data points were considered outliers and not used in the 

correlations: site CC5, which had very high SG OM and OC, and site BC11, which had very high 

GFf, which we attribute to a RAPS release event as described above. 

Principle component analysis indicates that of all the sediment physical and chemical 

properties, SG OC was best able to predict GFf (Figure B.3). Multi-variate correlations show that 

core OC is negatively correlated with GFf, even though core OC is bigger than SG OC for most 
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cores, suggesting that part of the buried carbon is recalcitrant to methanogenesis and thus 

resistant to diagenetic alteration. These findings suggest that it may not be necessary to analyze 

the entire sediment core to predict field gas fluxes. Further, VGPRl does not successfully predict 

GFf as a sole variable (p-value 0.36). However, VGPRl together with SG OC is highly correlated 

to GFf for summer temperatures (p-value 0.04). The variables SG OC, SG OM and VGPRl may 

also be used to predict GFf. However, the combination of these variables does not increase the 

ability to predict GFf (Table B.2). Although the high correlation between VGPRl and SG OC 

which is predicted by: VGPRl=0.43SG OC+3.02 (p-value 0.08) is expected, the goodness of fit 

suggests this equation may be used in lieu of performing laboratory experiments. 

 

Figure B.3. Scatterplot matrix of GFf with VGPRl, SG OC, SG OM, core OC and sediment 

depth. Curves represent the 95% CL. P-values represent correlation of GFf and 

corresponding variable. 
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Table B.2. Best correlations found between GFf, VGPRl, SG OC, SG OM and core OC. 

 

As expected, high levels of particulate matter were found in the glass wool samples located 

inside the gas collector systems (in contrast to the control gas wool on the exterior of the 

collector). This resulted from gas bubbles transporting solid particulates, as observed by Yuan et 

al. (3). ICP-MS analysis demonstrated that As, Ag, Be, Cd, Co, Mo, Ni and Se were below the 

detection limit (DL) in the glass wool. Ba, Cr, Cu, Fe, Mg, Mn, Na and Zn were all present 

above the DL, and we confine our discussion to these metals. Fe and Pb fluxes varied by less 

than an order of magnitude: 70-500 mg m-2 d-1 and 2-10 mg m-2 d-1, respectively (Figure B.4). Cr, 

Ba and Zn flux were more variable by location, ranging from 0.1-2 mg m-2 d-1, 0.5-6 mg m-2 d-1 

and 2-30 mg m-2 d-1, respectively. Sediment metal concentrations were measured for most sites 

and they ranged from 260-2,800 mg kg-1, 45-540 mg kg-1, 110-660 mg kg-1, 210-6,600 mg kg-1, 

and 10,000-18,000 mg kg-1 for Pb, Cr, Ba, Zn and Fe, respectively. The higher Pb, Zn and Fe 

metal fluxes due to gas ebullition are thus likely due to the higher metal sediment concentration. 

However, sediment Cr levels were not high at these sites, and they did not co-vary with 

ebullition-enhanced Cr flux. 

 

Correlations (summer temperature) p-value 

GFf=0.41SGOC+2.7 0.02 
GFf=0.73SGOC-0.19SGOM+2.6 0.04 
GFf=0.41SGOC+0.20VGPRl+1.5 0.04 
GFf=0.73SGOC-0.20SGOM+0.21VGPRl+1.3 0.06 
GFf=0.44SGOC+0.26VGPRl-0.26coreOC+3.8 0.02 
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Figure B.4. Metal flux to the water column due to gas ebullition. 

 

We compared the measured Pb, Cr and Ba fluxes due to gas ebullition to simulated mass 

fluxes released via sediment porewater from uncapped sediment under diffusive and advective 

conditions (Table B.3) based on parameters from Viana et al. (15). This analysis conservatively 

assumes that the porewater is saturated with the respective metal, which may not have been the 

case in our test sediments. In all cases, the ebullition-enhanced flux was one to three orders of 

magnitude higher than diffusive release, and comparable to advective flux under a high hydraulic 

gradient of 0.05 m/m. These results clearly indicate that the elevated metal concentrations in 

particulate matter brought to the water column by ebullition greatly enhanced flux for metals like 

Pb that have limited solubility in sediment porewater. 

 

Table B.3. Comparison of simulated mean Pb, Cr and Ba mass flux released from 

uncapped sediment under different hydraulic gradients (assuming C=0 in overlying water) 

to measured ebullition-facilitated fluxes. 

 
Pb pH7 

(mg m
-2 

d
-1

) 

Cr pH7 

(mg m
-2 

d
-1

) 

Ba pH7 

(mg m
-2 

d
-1

) 

Uncapped sediment, no gradient 0.005 0.07 0.04 
Uncapped sediment, 0.005 m/m 0.01 1 2 
Uncapped sediment, 0.05 m/m 0.13 14 17 

Field measurement 2-10 0.1-2 0.5-6 
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B.5. Conclusions and Implications 

We present two main findings from this research. First, as measurement of GFf is time 

consuming and potentially costly, we provide equations that may be used to predict field gas 

fluxes under summer temperatures based on more easily measurable parameters. Our results 

indicate that laboratory studies do not necessarily overestimate field results and that SG OC 

content is a reliable predictor of GFf. In contrast, whole core OC content and sediment depth may 

not necessarily contribute to increased GFf. The heterogeneity in sediment OM, OC and other 

parameters among all of the study sites contributes to validity of these findings. Second, 

ebullition-facilitated metal fluxes were surprisingly large, with resultant fluxes of 10, 2, 6, 30 and 

490 mg m-2 d-1 for Pb, Cr, Ba, Zn and Fe, respectively. These fluxes were 10-1000 times higher 

than predicted to occur by porewater diffusion from uncapped sediments, and on the order of 

advective porewater metal flux under a large hydraulic gradient of 0.05 m/m. 
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Professional Memberships 

Member of the Association of Environmental Engineering and Science Professors (AEESP), 
American Chemical Society (ACS), American Society of Civil Engineers (ASCE), Water 
Environment federation (WEF), Inter-American Association of Sanitary and Environmental 
Engineering (AIDIS), Fulbright Association, and UIC Women in Science and Engineering 
Association (WISE). 
 

Professional Development, Mentorship and Extracurricular Activities 

1. Coordination of the Deepwater Horizon (DWH) Oil Spill Principal Investigator (PI) 

Conference. Coordinated by NSF, NOAA, USGS, BOEMRE and NIH. 150 participants. 
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Objectives: Bring together PIs from academia, private research institutes and agencies conducting 
research in response to the DWH oil spill to explore the state of the science and propose 
recommendations (http://www.marine.usf.edu/conferences/fio/NSTC-JSOST-PI/index.shtml). 

2. Coordination of the Ecology of Marine Infectious Diseases (EMID) Workshop. 60 
participants. Objectives: (1) Foster new collaborations, (2) discuss about innovative projects, and 
(3) propose recommendations for research directions 
(https://sites.google.com/site/emidworkshop/). 

3. Participant in the IX Ecological Dissertations in Aquatic Sciences Symposium (Eco-DAS). 
Honolulu, HI, October 11-16, 2010. Symposium aimed to foster sustained, cross-disciplinary 

interactions among the top new researchers in ecological oceanography and limnology to 
increase likelihood of career success. 

4. Participant in the Public Issues and Conflict Management Workshop. Silver Spring, MD. 
August 23-24, 2010. Workshop developed to increase the participant's ability to plan and 

facilitate effective meetings. 

5. Chemical and Hygiene Officer of the Environmental Biotechnology Laboratory (EBL) at UIC 
(2006–2010). Certified to liaison with the Environmental Health and Safety Office to provide 
laboratory safety and oversight. 

6. Trainee in civil engineering at Skanska Teknik, Malmö, Sweden. Work abroad program (2000). 

7. English course in New York, NY, USA (1999). 

8. Volunteer work: Science Fair Judge, Montgomery, MD (2010), Ambassador for the Women in 
Science and Engineering Association (WISE) at UIC (2009), volunteer in the Chicago Brain Bee 
competition and Chicago Cares programs (2009), organizer of UIC Environmental Biotechnology 
Laboratory meetings (2006–2009), volunteer in the Brazilian Association of Support to Children 
with Cancer (ABRACE, 2000–2003) and as a teacher in Brazil (1993–1996). 

 

Language Skills 

Fluent in English and Portuguese (oral and written); Basic knowledge in Spanish. 

 


