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Abstract 

Persistent organic pollution (POPs) is one of the top environmental issues worldwide. Most of 

these chemicals are synthetic, introduced through industry production for particular purposes. 

Due to the persistence and stability, POPs can travel long distances, and some of them can 

accumulate in biota tissues with high lipid contents and cause long-term toxicity and affect 

organism’s health when certain concentration levels are reached. 

This thesis aims to improve the understanding of organism impacts during POPs transport and to 

model the mechanisms of biota degradation processes. We are focusing on a specific type of 

POPs, polychlorinated biphenyls (PCBs). The chemical complexity and composition uncertainty 

of PCBs make it an excellent research object. Moreover, since the PCBs have been banned for 

production and background concentration is dropping, we could acquire a completed figure of 

POPs pollution for model development. By analyzing the PCBs transport history, we could 

improve current model designs to predict other POPs transport behaviors in various 

environmental media, assist further development on POPs control policy, and prevent issues and 

damages on public health in future. 

The first study intends to upgrade the current model performance for simulating complex PCBs 

fate and transport in a lake system, especially the organism effects during PCBs transport. 

Several improvements are made, such as integrating multiple biotic terms regarding the PCB 
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transport to rebuild the feedback routines from biotic compartments to the environmental media. 

Facilitated intermedia transport through biota compartments is shown in the analysis and its 

contributions to overall PCBs transport is carefully evaluated and discussed.   

The second project aims to evaluate the performance of current empirical rules on PCB 

dechlorination study. The study aims to explore the mechanisms and principles behind PCB 

anaerobic biodegradation further since the empirical regulations are rough and unprecise for 

mathematical modeling. Moreover, the empirical rules mainly reflect the biotic features in PCB 

dechlorination process. Since the reaction involves both the biology and chemistry, it is rational 

to dig more information on impacts from the chemical side. The research not only reviews the 

microorganism’s bio-selectivity behind the existing empirical rule, but also discusses the 

possible mechanism based on chemical kinetics, trying to develop a hypothesis to explain and 

quantify the anaerobic degradation behaviors, such as quantum chemistry theory, molecule orbit 

theory, and so on.   

The final research focuses on simulating the PCB dechlorination through a redox potential based 

model. By introducing redox-potential as the thermal dynamic selection tool. This study provides 

one possible solution for predicting PCB dechlorination patterns and posting reaction products 

by tracking redox potential, as well as the bio-selectivity from microorganism features. The 

redox potentials of each dechlorination reaction can be calculated by evaluating the Gibbs free 
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energy through quantum chemistry theories and several environmental factors. To realize a 

practical procedure, we created a model, using the Markov Chain method to monitor the 

continuous changes in the PCB concentration distribution. The new model proves its capability 

and accuracy by comparing the simulation results with several published reports on PCB 

dechlorination study.    
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Preface 

Understanding the fate and transport of polychlorinated biphenyls (PCBs)  in the environment 

is essential for pollution control and remediation technology development.  Although the 

production of PCBs has been banned for almost thirty years, persistence and stability allow these 

chemical compounds to maintain their existence in the environment due to leakage from 

improper disposal and old electronic devices. A recent study also indicates that some of the PCB 

congeners can be synthsized as byproducts in related industrial processes. 

In this thesis, three current issues affecting PCBs fate and transport are carefully discussed. 

Although the whole study is about modeling the PCB fate and transport in the environment, these 

three problems are quite distinguished from each other. As a result, the entire thesis is divided 

into three topics to reduce confusion. Each topic has its introduction, model, results, and 

discussion. 

The first part of the thesis focuses on understanding organism population impacts on PCB 

distribution in the environment, based on a new modeling approach. In the classic modeling 

design, organisms have been treated as pure receptors instead of functional compartments during 

exposure studies, because of their small group sizes compared to other environmental 

compartments. However, since most of the PCB congeners have significant octane solubility and 

quickly accumulate in organisms, it becomes uncertain whether these high concentrations of 
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PCBs in biota could modify the overall PCB mass transport in the system, despite the relatively 

small biotic volumes. We design a new processing model using a populated organism design and 

try to evaluate the impacts of highly bioconcentrated PCB congeners on general PCB transport in 

the system. 

The second part and the third part of the thesis focus on PCB biodegradation in the anaerobic 

environment, which is critical for developing useful remediation technology and eliminating 

PCB pollution. PCB anaerobic biodegradation belongs to the class of dehalogenation reactions 

where the microorganisms and bacteria utilize highly chlorinated PCB congeners as electronic 

receptors and generate lower chlorinated substitutes. Since PCB dechlorination could naturally 

occur in the environment, it might become one of the potential remediation techniques to 

eliminate PCB residues in the future.  

In the second part, statistical analysis is introduced to evaluate the potentials of the empirical 

rules for PCB dechlorination simulation in an anaerobic environment. The cross-validation 

method is utilized by categorizing the 840 theoretical one-step reactions of PCB dechlorination 

into 90 classes and comparing them to over 200 observations in previous literature. The analysis 

proves that the empirical rules have a strong relationship with bio-selectivity of the 

microorganisms and bacteria. However, the study also indicates that a PCB dechlorination model 

cannot be produced solely by the empirical rules since these cannot provide a quantitative order 
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of PCB dechlorination pathway selection within each pathway category. 

In the third part, a new model program is developed to simulate PCB dechlorination using both 

the empirical rules and redox potential. Redox potential represents the potential of a direct 

measure of the thermodynamic feasibility of an oxidation-reduction half-reaction. According to 

the literature, it can quantitatively distinguish among similar chemical processes. However, it is 

difficult to directly measure redox potentials of multiple PCB congeners participating in the 

mechanically complex dechlorination reactions. As a result, quantum chemistry is introduced 

into the study and the redox potential is calculated indirectly through Gibbs free energy of each 

dechlorination reactions. The model is tested and compared with observations in the published 

literature. The differences between the observations and simulations indicate that the proposed 

mechanisms could provide improved prediction of PCB dechlorination in the environment. 
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Part 1: Modeling the impact of biota on polychlorinated biphenyls (PCBs) fate 

and transport in Lake Ontario using a population-based multi-compartment 

fugacity approach 

Organisms have long been treated as receptors in exposure studies of polychlorinated biphenyls 

(PCBs) and other persistent organic pollutants (POPs). The influences of pollution exposure on 

organisms are well recognized. However, the impact of biota on PCB transport in an 

environmental system has not been considered in sufficient detail. In this study, a 

population-based multi-compartment fugacity model is developed by reconfiguring the 

organisms as populated compartments and reconstructing all the exchange processes between the 

organism compartments and environmental compartments, especially the previously ignored 

feedback routes from biota to the environment. We evaluate the model performance by 

simulating the PCB concentration distribution in Lake Ontario using published loading records. 

The lake system is divided into three environment compartments (air, water, and sediment) and 

several organism groups according to the dominant local biotic species. The comparison 

indicates that the simulated results are well-matched by a list of published field measurements 

from different years. We identify a new process, called Facilitated Biotic Intermedia Transport 

(FBIT), to describe the enhanced pollution transport that occurs between environmental media 

and organisms. As the hydrophobicity of PCB congener increases, the organism population 

exerts greater influence on PCB mass flows. In a high biomass scenario, the model simulation 

indicates significant FBIT effects and biotic storage effects with hydrophobic PCB congeners, 
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which also lead to significant shifts in systemic contaminant exchange rates between organisms 

and the environment.    
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1. Introduction 

1.1. Background & Literature Review 

1.1.1. Persistent Organic Pollutants (POPs) 

Persistent organic pollutants (POPs) are a group of organic compounds (carbon-based) that, to a 

varying degree, resist photolytic, biological and chemical degradation. POPs are characterized by 

low water solubility and high-octane solubility, leading to their bioaccumulation in organism 

fatty tissues, eutrophication water, and humus enriched soil & sediment. POPs are also 

semi-volatile, enabling them to move long distances in the atmosphere before deposition occurs 

(Ritter et al., 1995).  

Although some types of POPs, such as dioxins and dibenzofurans, can naturally arise from 

volcanic activity and vegetation fires, most of the existing POPs come from artificial synthesis of 

modern chemical industry (El-Shahawi et al., 2010). The commercial manufacture of 

anthropogenically synthesized organic chemicals began in the 1920s. Since then, the synthetic 

industry has produced thousands of organic compounds, as well as many other byproducts during 

the process. Some products are used as pesticides, which are incredibly useful in pest control, 

while others are excellent intermediate material for other industries. After World War II, the 

production and usage of these chemical componds expand rapidly, driven by a desire to increase 

the food production, protect public health, and facilitate industrial development (Krueger and 
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Selin, 2002). All these organic chemicals indeed improved our life quality and solved many 

urgent problems associated with agriculture and industry during that period. However, some 

products, such as DDT, Aldrin, PCBs, and so on, are extremely toxic and resistant to most 

natural degradation processes. Moreover, the high hydrophobic features lead these organic 

compounds to dissolve and accumulate in organism tissues and organs through ingestion, gill 

uptake, and direct exposure, causing significant bioaccumulation behaviors, and generating lots 

of toxicity and reproduction issues to more species than their designed sphere of influence. 

(Gobas et al. 1986; Oliver 1987; Campfens et al. 1997; Arnot et al. 2004; De Laender et al. 

2010).  

Table 1.1 POPs Chemical Summarize  

Annex Chemical Name Generation 

Annex A (Elimination)   

                                                                                                                                                         

[Parties must take measures to 

eliminate the production, and use of 

the chemicals listed under Annex A. 

Specific exemptions for the use of 

production are listed in the Annex and 

apply only to Parties that register for 

them] 

Aldrin* Pesticide 

Chlordane* Pesticide 

Chlordecone Pesticide 

Dieldrin* Pesticide 

Endrin* Pesticide 

Heptachlor* Pesticide 

Hexabromobiphenyl Industrial chemical 

Hexabromocyclododecane 

(HBCD) 
Industrial chemical 

Hexabromodiphenyl ether & 

Heptabromodiphenyl ether 
Industrial chemical 

Hexachlorobenzene (HCB)* Pesticide & Industrial chemical 

Hexachlorobutadiene Industrial chemical 

Alpha 

hexachlorocyclohexane 
Pesticide 

Beta hexachlorocyclohexane Pesticide 
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Lindane Pesticide 

Mirex* Pesticide 

Pentachlorobenzene Pesticide 

Polychlorinated biphenyls 

(PCB)* 
Industrial chemical 

Polychlorinated naphthalenes Industrial chemical 

Pentachlorophenol and its 

salts and esters 
Pesticide 

Technical endosulfan and its 

related isomers 
Pesticide 

Tetrabromodiphenyl ether 

and pentabromodiphenyl 

ether 

Industrial chemical 

Toxaphene* Pesticide 

Annex B (Restriction) [Parties must 

take measures to restrict the 

production and use of the chemicals 

listed under Annex B in light of any 

applicable acceptable purposes and 

specific exemptions listed in the 

Annex.] 

DDT* Pesticide 

Perfluorooctane sulfonic acid, 

its salts and Perfluorooctane 

sulfonyl fluoride 

Industrial chemical 

Annex C (Unintentional Production) 

[Parties must take measures to reduce 

the unintentional release of the 

chemicals listed under Annex C with 

the goal of continuing minimization 

and, where feasible, ultimate 

elimination.] 

Hexachlorobenzene (HCB) Unintentional Production 

Pentachlorobenzene Unintentional Production 

Polychlorinated biphenyls 

(PCB) 
Unintentional Production 

Polychlorinated 

dibenzo-p-dioxins (PCDD)* 
Unintentional Production 

Polychlorinated 

dibenzofurans (PCDF)* 
Unintentional Production 

Polychlorinated naphthalenes Unintentional Production 

Chemicals proposed for listing 

under the Convention 

Decabromodiphenyl ether Unknown 

Dicofol Unknown 

Short-chain chlorinated 

paraffin 
Unknown 

Pentadecafluorooctanoic acid Unknown 

Note: * represents the initial 12 POPs 
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Persistent organic pollutants (POPs) are officially recognized by the Stockholm Convention 

under the United Nations Environment Programme. Following the extensive negotiation, it was 

adopted on May 22, 2001 (Harrad, 2009). Since then, features, sources, transport, and impacts of 

POPs are carefully measured and evaluated across the world. In late 2008, over 180 participants 

were contributing to this subject, and new types of POPs are kept identified. Up to 2017, 26 

groups of chemicals have been classified as persistent organic pollutants, comparing to the initial 

12 group chemicals. Moreover, another four categories of organic chemicals are currently 

proposed for listing under the POPs index. Table 1.1 listed all the chemical compounds presently 

identified as POPs or under reviewing. As described in Table 1.1, the sources of POPs include 

industrial production, pesticides usage, and unintentional production. 

1.1.2. Polychlorinated Biphenyls (PCBs) 

Polychlorinated Biphenyls (PCBs) are a group of anthropogenically synthesized organic 

compounds, including 209 isomers which belong to ten homolog groups based on the chlorine 

contents. Due to their persistence, long-distance transport, bioaccumulation, and toxicity, PCBs 

have been identified as a group of persistent organic pollutants (POPs) (Porta and Zumeta 2002).  

The commercial products of PCBs in the United States have a uniformed trade name, Aroclor, 

which is distinguished by their chlorine contents. Over 600,000 tons of Aroclor products are 

solely produced by the Monsanto Company between 1930 and 1977 (approximately 40%-60% of 



    
10 

the global PCBs production). Although the PCBs production in the U.S. is completely stopped in 

1977, other countries still produced them for another 16 years (Breivik et al. 2002). Because of 

its vast inventory, 40% of total manufactured PCB was thought to remain in use in 2006 

(Rossberg et al. 2000).  

The commercial products of PCBs are isomers mixtures with different degrees of chlorination 

(Kaley et al. 2007). Depending on the manufacturing techniques, each product contains different 

combination and content of PCB isomers. Each product only includes part of the isomers listed 

in the literature, and the proportion of each isomer also varies significantly. In fact, some of the 

isomers were never existed in any commercial products. For example, more than 97% products 

sold and used in the U.S. are Aroclor 1016: 1242: 1248: 1254: 1260 (de Voogt and Brinkman, 

1989; Rossberg et al. 2000). Each Aroclor only contains 30%-56% of the entire 209 isomers, and 

32 isomers never appear in all these mixtures.  

1.1.3. Multi-compartment Model  

Mathematical modeling provides an essential basis for estimating the fate and transport of PCBs 

through an environmental system (Bates et al. 2017; Kelce et al. 1998). Chemical potential and 

fugacity are two frequently used methods (Mackay et al. 2001; Campfens et al. 1997). The 

chemical potential approach utilizes the phase equilibrium thermodynamics, yielding rates of 

mass diffusion directly proportional to measured concentrations (Neely et al. 1974; Kamaya et al. 
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1981; Barber, Suérez, and Lassiter 1988). In 2004, Arnot and Gobas developed a 

bioaccumulation food web model based on the chemical potential formulation (Arnot et al. 2004), 

which has been widely used as a standard approach in PCB transport and bioaccumulation 

studies (McLeod et al. 2015; Selck et al. 2012; De Laender et al. 2010).  

1.1.4. Fugacity Approach 

However, redox potential is logarithmically related to concentration (non-linear) and can vary 

significantly due to environmental sensitivity. Therefore it is necessary to establish some 

standard state at which it has a reference value and separate the environmental sensitivity from 

contaminant diffusion. (Bates et al. 2017; Mackay et al. 2006; MacLeod et al. 2002; Mackay 

1979). As a result, the fugacity approach was introduced in the 1980s as a more convenient 

convention to describe thermodynamic equilibrium. Recent model development also integrates 

information on multiple and interacting processes on PCBs partitioning and transport in the 

environment (Hollander et al. 2007).  

In 2006, Wania created the fugacity-based CoZMo-POP2 model. The model includes 19 

environmental compartments and works under dynamic conditions. The model also takes into 

account seasonal variables and allows for the definition of time-variant emission scenarios 

(Wania et al. 2006). Furthermore, the fugacity approach has been applied in bioaccumulation and 

exposure studies for PCBs. A review of bioaccumulation studies using the fugacity approach is 
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provided by Gobas and Morrison (Gobas and Morrison 2000). In 2016, Mackay used the 

fugacity model to study the processes influencing chemical biomagnification and trophic 

magnification factors in aquatic ecosystems (Mackay et al. 2016). To allow for further insight, 

Monte Carlo analysis was introduced to characterize uncertainty under various environmental 

conditions (De Laender et al. 2010). 

1.1.5. Lake Ontario 

Lake Ontario belongs to the Great Lakes of North American continent. It is one of the largest 

freshwater lakes on earth. Its primary inlet is the Niagara River from Lake Erie. As the last lake 

in the Great Lakes chain, Lake Ontario serves as the outlet to the Atlantic Ocean via the Saint 

Lawrence River (Fine and Carneiro 1999). Lake Ontario is well-known for its biodiversity 

among the Great Lake system. However, surrounded by some of the earliest developed cities, 

Lake Ontario has experienced a long history of substantial industrial activities, resulting in 

massive pollution scenarios (Ashworth 1987). These toxic chemicals not only affected the 

normal bioactivities of living stock in the lake area but also disturbed the existing trophic 

structures and nutrition levels. For instance, the high nutrition level in spring and summer is 

thought to be the cause of frequent algal blooms to occur in the 1960s and 1970s (Christie 1974), 

which killed a large number of fishes and damaged the ecosystem of Lake Ontario. Furthermore, 

the species population and distribution also shifted significantly during recent years. Although 

part of this alternation is caused by the invasion of alien species, the massive pollution is also a 
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critical factor to inhibit the expansion and growth of native species. 

As one of the earliest areas for POPs pollution research, a substantial amount of field data has 

been compiled since the 1970s in Lake Ontario district (Rukavina 1976; Oliver and Niimi 1988; 

Soonthornnonda et al. 2011). These measurements provide a valuable basis to explore biological 

impacts on PCB transport process. 

1.2. Achievements and Problems 

1.2.1. Isotope Procedure 

Despite these previous improvements, organisms have long been treated as pollution exposure 

assessment targets, and their biological impacts on pollutant fate and transport are considered 

only in recent years, regarding specifically the contaminant transport through species migration 

(Walters and Christensen 2018; McGill et al. 2017; Krümmel et al. 2003). When establishing the 

contaminant mass balance within the organisms, the direct exchange processes of PCB mass 

through biotic compartments are well categorized and formulated. However, the biotic 

compartments respond more rapidly than the environmental sectors. Depending on the nutrition 

level, mortality rate, food web, and temperature, the population of a species may shift 

substantially over relatively short periods. Previous models use growth dilution to represent the 

volumetric changes of biotic compartments rather than direct contaminant exchanges (Gewurtz 

et al. 2006; Arnot and Gobas 2004; Campfens and Mackay 1997). Since growth dilution 
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expresses reductions in concentration due to an organism’s volume expansion, it neither 

describes the effects of organism population behavior on overall PCB transport in the system nor 

clarifies the destination of contaminant discharged from the organism.  

Highly chlorinated PCB congeners are highly hydrophobic, and the high lipid content of 

organisms provides an excellent location for storage (Kaur et al. 2012; Kelly et al. 2004; Gobas 

et al. 1988; Barber et al. 1988). Recent studies have confirmed that the PCB bioaccumulation and 

storage effects on organism population scales may have a significant impact on PCB transport in 

an ecosystem (Walters and Christensen 2018; McGill et al. 2017; Krümmel et al. 2003).   

1.2.2. Potential Solution 

To quantify organism impacts on PCB transport, we extend the existing fugacity approach by 

integrating completed organism interactions with environmental media and using a 

population-based structure. The new design allows us to evaluate the influence of organism 

population dynamics on PCB mass flow. As a result, PCB transport among biotic groups not only 

relies on direct individual exchange processes, such as respiration, food ingestion, metabolism, 

and so on, but also depends on population features, such as birth, growth, predation, and natural 

mortality rates (Bates et al. 2017). 
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Figure 1.1. The Difference between Traditional Design and Improved Approach  
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2. Improved Model Design for Pollution Transport Study 

2.1. General Model Design 

2.1.1. Formula for Population-Based Fugacity Model 

The extended approach is a multi-compartment fugacity model; it is proposed to estimate the 

mass distribution of PCB congeners simultaneously in environmental compartments and 

organisms. For lake systems, only three environmental compartments are taken into 

consideration: air, water, and sediment. The study area is simulated by an idealized but 

representative space (Table 2.1.).  

Table 2.1. Lake Ontario Approximate Representative Domain  

Air 

Area (𝑚2) 1.90E+10 Aerosol Volume fraction (typical) 2.00E-11 

Height (𝑚) 6000 Suspended 

Sediment 

Density (𝑘𝑔/𝑚3) 1500 

Density (𝑘𝑔/𝑚3) 1.175 Volume fraction (typical) 0.001 

Resident Time (years) 1 

Sediment 

Area (𝑚2) 1.17E+10 

Water 

Area (𝑚2) 1.90E+10 Thickness (𝑚) 0.1 

Depth (𝑚) 86 Organic Particle Density 

(𝑘𝑔/𝑚3) 
1250 

Density (𝑘𝑔/𝑚3) 1000 

Fraction of Organic 

Carbon in Water 
0 

Inorganic Particle Density 

(𝑘𝑔/𝑚3) 
2650 

Retention Time (years) 6 Water Volume Fraction 0.9 

For mathematical simplicity, internal homogeneity is applied to all compartments. For instance, 

the air compartment is represented as an equilibrium space with constant density, and aerosols 

and gaseous air are at equilibrium with aerosols evenly distributed throughout the 

sub-compartment (MacLeod et al. 2002). We include the air compartment in our model because 
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of its role in atmospheric transport and deposition of PCBs (LimnoTech 2011; Harner and 

Bidleman 1996). Furthermore, a recent study shows a potential inhalation problem of 

lower-chlorinated congeners in the atmosphere (Grimm et al. 2015). The water compartment 

includes both the water phase and uniformly suspended particles. However, assuming vertical 

homogeneity in the sediment compartment is unrealistic, since the PCB content with sediment 

depth depends on the PCB contamination level during the deposition period. As a computational 

tradeoff, the current sediment compartment only includes the very top layer of bio-active 

sediment (~0.1m) which contains about 10% dry residual mixed with the remaining 90% of the 

saturated water (in volume fraction). We only use one box to represent each environmental media, 

because of previous studies that indicate little variation of PCBs concentration regardless of the 

number of boxes within the water or air media (Kaur et al. 2012). A very recent study by Cai and 

Reavie (2018) found that water quality data in Lake Ontario is suggestive of two horizontal 

zones, with the eastern portion exhibiting higher nutrients in summer. Future applications should 

thus consider whether such spatial differences in water column biomass and associated 

sedimentation rates could lead to significantly different predictions for PCB fate and transport in 

a two- vs. a one-zone lake model. 

In this study, we do not divide each environmental media into further detailed sub-division 

compartment. A previous study of PCB transport in Lake Ontario indicates that the sub-divisions 

of each environmental media shows little differences from a mathematical point of view. In 2012, 
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Kaur et al. published an article evaluating the historical PCBs level in Lake Ontario, and it is the 

most detailed and up-to-date model of PCB transport in Lake Ontario. In their designs, water and 

sediment are further divided into multiple boxes and layers based on locations and compositions. 

However, their simulation indicates little variation of PCBs concentration regardless the number 

of boxes (Kaur et al. 2012). One possible explanation is that the water flows of Lake Ontario are 

highly mobilized. The active water flows cause the PCB input can mixed within the media and 

distribution evenly within relatively shorter period. 

According to the fugacity approach, the accumulated PCB mass in compartment 𝑖 is expressed 

as: 

𝑀𝑖 = 𝑉𝑖𝑍𝑖𝑓𝑖 … … … … … … … … … … … … … … … … … (1) 

Where 𝑀𝑖 represents the mass of PCBs accumulated in compartment 𝑖; 𝑉𝑖(𝑚3) is the volume of 

compartment 𝑖; 𝑍𝑖(𝑚𝑜𝑙/𝑃𝑎 ∙ 𝑚3) is the fugacity capacity of compartment 𝑖; 𝑓𝑖(𝑃𝑎) is the PCB 

fugacity which represents the level of PCB mass in compartment 𝑖. Thus, the dynamic change of 

PCBs in compartment 𝑖 is estimated as: 

𝑑𝑀𝑖

𝑑𝑡
=

𝑑(𝑍𝑖𝑉𝑖𝑓𝑖)

𝑑𝑡
 … … … … … … … … … … … … … … (2) 

The formula is transformed through partial difference to become, 

𝑍𝑖𝑉𝑖

𝑑𝑓𝑖

𝑑𝑡
=

𝑑𝑀𝑖

𝑑𝑡
− 𝑉𝑖𝑓𝑖

𝑑𝑍𝑖

𝑑𝑡
− 𝑍𝑖𝑓𝑖

𝑑𝑉𝑖

𝑑𝑡
 … … … … … … (3) 
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As shown in formula 3, the change of PCBs fugacity in compartment 𝑖 can be divided into three 

categories: the PCBs mass variation (𝑑𝑀𝑖 𝑑𝑡⁄ ), the change in fugacity capacity (𝑑𝑍𝑖 𝑑𝑡⁄ ), and the 

change in compartment volume (𝑑𝑉𝑖 𝑑𝑡⁄ ). All compartments related to PCBs transport involve at 

least one of these three general processes. To determine the fugacity variation in the certain 

compartment, we need to separately define the process and parameters in each media according 

to their physical, chemical, and biological features. Furthermore, we need to define the 

exchanging terms among different compartments. Moreover, we need to apply a method to 

estimate the existing biomass/population volume in each biotic compartment for population 

scale. 

Figure 2.1 shows a general flowchart to describe the PCB exchange between organisms and the 

environment in the proposed model. The green arrows represent PCB inputs to species from 

other compartments, while the red arrows show all elimination routes for PCBs from the 

organism. The dotted line of food ingestion from the environment is specific for the benthic 

species which acquire their food from detritus and organic matter in sediment.  The colored 

shadow areas represent the organism volume/size gain (green)/loss (red). The colored dotted 

frame represents the actual PCBs gain (green)/loss (red) during the volume change. For 

comparison, the traditional model design is shown in figure 2.2. 
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Figure 2.1. PCBs Exchange between Organism and Environment (New Design) 
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Figure 2.2. PCBs Exchange between Organism and Environment (Traditional Design) 
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The uptake routes of PCBs from the environment into organisms include gill uptake and food 

ingestion (for low-level benthic species, scavenging the decomposed individuals might occur), 

while the elimination routes include gill loss, natural mortality, egestion (undigested food & 

associated PCBs), and predation. Metabolism can also degrade a small fraction of PCB 

congeners, with rates that vary substantially among species and congeners. The primary 

exchanges among the biotic compartments are through the complex food web. However, no food 

ingestion is considered in primary producers since they acquire energy and food through 

photosynthesis. A summary of model configuration is listed in table 2.2, 2.3, and 2.4. 

Table 2.2 PCBs Main Exchange Processes 

Process 
Compartment 

Name 
Term Formula 

P
C

B
s 

M
a

ss
 T

ra
n

sf
er

 T
er

m
s 

Air (A) 

Advection 

(𝐷𝐴𝐴(𝑓𝑖𝑛1 − 𝑓𝐴)) 
𝐺𝐴𝑍𝐴(𝑓𝑖𝑛1 − 𝑓𝐴) 

Reaction (𝑅𝐴𝑓𝐴) −𝑉𝐴𝑍𝐴𝑓𝐴/𝑡𝐴 

Emission (𝐸𝐴) 𝐸𝐴 

Air(-)-Water(+) 

Exchange 

Diffusion 

( 𝐷𝑉(𝑓𝐴 − 𝑓𝑊)) 

(𝑓𝐴 − 𝑓𝑊)

(𝑘𝑉𝐴𝐴𝐴𝑊𝑍1)−1 + (𝑘𝑉𝑊𝐴𝐴𝑊𝑍2)−1
 

Wet Dissolution (𝐷𝑅𝑊𝑊𝑓𝐴) 𝐴𝐴𝑊𝑈𝑄𝑍2𝑓𝐴 

Dry Deposition (𝐷𝑄𝐷𝑊𝑓𝐴) 𝐴𝐴𝑊𝑈𝑄𝑣𝑄𝑍7𝑓𝐴 

Wet Particle Deposition 

(𝐷𝑅𝑊𝑊𝑓𝐴) 
𝐴𝐴𝑊𝑈𝑅𝑄𝑣𝑄𝑍7𝑓𝐴 

Water (W) 

Advection 

(𝐷𝐴𝑊(𝑓𝑖𝑛2 − 𝑓𝑊)) 
𝐺𝑊𝑍𝑊(𝑓𝑖𝑛2 − 𝑓𝑊) 

Reaction (𝑅𝑊𝑓𝑊) −𝑉𝑊𝑍𝑊𝑓𝑊/𝑡𝑊 

Emission (𝐸𝑊) 𝐸𝑊 

Water(-)-Biota(+) 

Exchange 

Pelagic Gill Uptake 

(𝐷𝐺𝐺𝑊𝑓𝑊) 
𝑘1𝑉𝑃𝜌𝐵𝑍𝑊𝑓𝑊 

Pelagic Gill Release −𝜇1𝑘1𝑉𝑃𝜌𝐵𝑍𝑊𝑓𝐵𝑃 
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(𝐷𝐺𝐺𝑊𝑓𝐵𝑃) 

Pelagic Egestion 

(𝝁𝟏𝑫𝑬,𝑩𝑷𝒇𝒋) 
−

𝝁𝟏𝑬𝑫𝝆𝒊𝑽𝑷𝒊𝑮𝑫𝒊

𝑾𝑩𝒊

∑
𝒑𝒊𝒋𝒁𝑩𝒋𝒇𝒋

(𝑻𝑳𝒊 − 𝑻𝑳𝒋)
∗ 𝑻𝑴𝑭

𝒏

𝒊≠𝒋
 

Pelagic Undigested Food 

(𝝁𝟏𝑫𝑷,𝑩𝑷) 
−

𝝁𝟏(𝟏 − 𝑬𝑫)

𝑬𝑫

∑ 𝒑𝒊𝒋𝑫𝑭𝑰𝒋𝒇𝒋

𝒏

𝒊=𝒑𝒆𝒍𝒂𝒈𝒊𝒄&𝒊≠𝒋
 

Sediment(-)-Water

(+) Exchange 

Diffusion 

(𝐷𝑌(𝑓𝑆 − 𝑓𝑊)) 
𝑘𝑆𝑊𝐴𝑆𝑊𝑍2(𝑓𝑆𝐸 − 𝑓𝑊) 

Deposition (𝐷𝐷𝑆𝑓𝑊) −𝑈𝐷𝑃𝐴𝑆𝑊𝑍5𝑓𝑆𝐸 

Resuspension (𝐷𝑅𝑆𝑓𝑆) 𝑈𝑅𝑆𝐴𝑆𝑊𝑍4𝑓𝑊 

Sediment (SE) 

Reaction (𝑅𝑆𝑓𝑆) −𝑉𝑆𝐸𝑍𝑆𝐸𝑓𝑆𝐸/𝑡𝑆𝐸 

Advection 

(𝐷𝐴𝑆(𝑓𝑖𝑛3 − 𝑓𝑆)) 
𝐺𝑆𝐸𝑍𝑆𝐸𝑓𝑆𝐸 

Emission (𝐸𝑆) 𝐸𝑆𝐸  

Sediment(-)-Biota(

+) Exchange 

Pelagic Egestion 

((𝟏 − 𝝁𝟏)𝑫𝑬,𝑩𝑷𝒇𝒋) 

−(𝟏 − 𝝁𝟏) (
𝑬𝑫𝝆𝒊𝑽𝑷𝒊𝑮𝑫𝒊

𝑾𝑩𝒊

∑
𝒑𝒊𝒋𝒁𝑩𝒋𝒇𝒋

(𝑻𝑳𝒊 − 𝑻𝑳𝒋)

𝒏

𝒊≠𝒋

∗ 𝑻𝑴𝑭) 

Pelagic Undigested Food 

((𝟏 − 𝝁𝟏)𝑫𝑷,𝑩𝑷) 
−

(𝟏 − 𝝁𝟏)(𝟏 − 𝑬𝑫)

𝑬𝑫

∑ 𝒑𝒊𝒋𝑫𝑭𝑰𝒋𝒇𝒋

𝒏

𝒊=𝒑𝒆𝒍𝒂𝒈𝒊𝒄&𝒊≠𝒋
 

Benthic Gill Uptake 

(𝐷𝐺𝐺𝑆𝑓𝑆) 
𝑘1𝑉𝑃𝜌𝐵𝑍𝑆𝐸𝑓𝑆𝐸 

Benthic Gill Release 

(𝐷𝐺𝐺𝑆𝑓𝐵𝑃) 
−𝜇1𝑘1𝑉𝑃𝜌𝐵𝑍𝑆𝐸𝑓𝐵𝐵 

Benthic Egestion 

(𝑫𝑬,𝑩𝑩𝒇𝒋) 
−

𝑬𝑫𝝆𝒊𝑽𝑷𝒊𝑮𝑫𝒊

𝑾𝑩𝒊

∑
𝒑𝒊𝒋𝒁𝑩𝒋𝒇𝒋

(𝑻𝑳𝒊 − 𝑻𝑳𝒋)
∗ 𝑻𝑴𝑭

𝒏

𝒊≠𝒋
 

Benthic Undigested Food 

(𝝁𝟏𝑫𝑷,𝑩𝑷𝒇𝒋) 
−

(𝟏 − 𝑬𝑫)

𝑬𝑫

∑ 𝒑𝒊𝒋𝑫𝑭𝑰𝒋𝒇𝒋

𝒏

𝒊=𝒃𝒆𝒏𝒕𝒉𝒊𝒄&𝒊≠𝒋
 

Biota 

(Benthic Species, 

BB, 𝑖 for target, j 

for food) 

Food Ingestion 

(∑ 𝑝𝑖𝑗𝐷𝐹𝐼𝑗𝑓𝑗
𝑛
𝑖=𝑏𝑒𝑛𝑡ℎ𝑖𝑐&𝑖≠𝑗 ) 

(∑ 𝑝𝑖𝑗𝑘𝑖𝐷𝑉𝑖𝑃𝑍𝑗𝑓𝑗

𝑛

𝑖=𝑏𝑒𝑛𝑡ℎ𝑖𝑐&𝑖≠𝑗
) 

Metabolism (𝑅𝐵𝐵𝑓𝐵𝐵) 𝑉𝑃,𝐵𝐵𝑍𝐵𝐵𝑘𝑀,𝐵𝐵𝑓𝐵𝐵 

Biota (B) 

Natural Mortality Rate 

(𝒁𝑩𝑽𝑷 𝒅𝑽𝑴𝒊 𝒅𝒕⁄ ) 
𝒁𝑩𝑽𝑷

𝟒. 𝟖𝟗𝟗𝒕𝒎𝒂𝒙
−𝟎.𝟗𝟏𝟔𝑽𝑷

𝟑𝟔𝟓𝟎𝟎𝟎
 

Predation 

(Excluded Natural 

Mortality) 

∑
𝝆𝒌𝑽𝑷𝒌𝒑𝒊𝒌𝑮𝑫𝒌𝒁𝒊𝒇𝒊

𝑾𝑩𝒌

𝒏

𝒊≠𝒌
 

Biota 

(Pelagic Species, 

Food Ingestion 

(∑ 𝑝𝑖𝑗𝐷𝐹𝐼𝑗𝑓𝑗
𝑛
𝑖=𝑝𝑒𝑙𝑎𝑔𝑖𝑐&𝑖≠𝑗 ) 

(∑ 𝑝𝑖𝑗𝑘𝑖𝐷𝑉𝑖𝑃𝑍𝑗𝑓𝑗

𝑛

𝑖=𝑝𝑒𝑙𝑎𝑔𝑖𝑐&𝑖≠𝑗
) 
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BP, 𝑖 for target, j 

for food) 
Metabolism (𝑅𝐵𝑃𝑓𝐵𝑃) 𝑉𝑃,𝐵𝑃𝑍𝐵𝑃𝑘𝑀,𝐵𝑃𝑓𝐵𝑃 

F
u

g
ac

it
y

 C
ap

ac
it

y
 C

h
an

g
e 

Air 
Fugacity Change 

𝑽𝑨𝒇𝑨(𝒅𝒁𝑨 𝒅𝒕⁄ ) 

−𝑽𝑨𝒇𝑨 [
 (𝝉𝟏𝟎. 𝟏𝑲𝑶𝑨 + 𝟏)

𝑹𝑻𝑨
𝟐

+
𝝉𝟏𝟎. 𝟏𝒍𝒏 (𝟏𝟎)𝟏𝟎

𝒂
𝑻𝑨

+𝒃

𝑹𝑻𝑨
𝟑

]
𝒅𝑻𝑨

𝒅𝒕
 

Water 
Fugacity Change 

𝑽𝑾𝒇𝑾(𝒅𝒁𝑾 𝒅𝒕⁄ ) 
−𝑽𝑾𝒇𝑾 (𝟏 + 𝟎. 𝟒𝟏 ∗

𝝉𝟐𝝆𝟓𝜹𝟓𝑲𝑶𝑾

𝟏𝟎𝟎𝟎
)

∆𝑼𝑨𝑾

𝑯𝑹𝑻𝑾
𝟐

𝒅𝑻𝑾

𝒅𝒕
 

Sediment 
Fugacity Change 

𝑽𝑺𝑬𝒇𝑺𝑬(𝒅𝒁𝑺𝑬 𝒅𝒕⁄ ) 
𝑽𝑺𝑬𝒇𝑺𝑬 (𝟏 − 𝝉𝟑 +

𝟎. 𝟒𝟏𝝉𝟑𝝆𝟒𝜹𝟒𝑲𝑶𝑾

𝟏𝟎𝟎𝟎
)

∆𝑼𝑨𝑾

𝑯𝑹𝑻𝑺
𝟐

𝒅𝑻𝑺

𝒅𝒕
 

Biota 

(Pelagic Species, 

BP) 

Fugacity Change 

𝑽𝑷𝒇𝑩𝑷(𝒅𝒁𝑩𝑷 𝒅𝒕⁄ ) 
𝑽𝑩𝑷𝒇𝑩𝑷 (𝒁𝑾𝑲𝑶𝑾

𝒅𝑳

𝒅𝒕
− 𝑳𝑲𝑶𝑾

∆𝑼𝑨𝑾

𝑯𝑹𝑻𝑾
𝟐

𝒅𝑻𝑾

𝒅𝒕
) 

Biota 

(Benthic Species, 

BB) 

Fugacity Change 

𝑽𝑷𝒇𝑩𝑩(𝒅𝒁𝑩𝑩 𝒅𝒕⁄ ) 
𝑽𝑩𝑩𝒇𝑩𝑩 (𝒁𝑾𝑲𝑶𝑾

𝒅𝑳

𝒅𝒕
− 𝑳𝑲𝑶𝑾

∆𝑼𝑨𝑾

𝑯𝑹𝑻𝑺
𝟐

𝒅𝑻𝑺

𝒅𝒕
) 

Volume 

Change 

Biota (B) 
Biomass Volume 

Variation 
𝑮𝒊 = 𝑷𝒊 + 𝑴𝑶𝒊 

Air, Water, 

Sediment 

Assuming Constant 

Volume 
𝐺𝑖𝑛 − 𝐺𝑜𝑢𝑡 

Table 2.3 Parameter Estimation Formula 

Term Figure Description Unit Formula Reference 

Fugacity 

Capacity  

𝑍1 Gas Phase in Air mol/Pa ∙ m3 1/𝑅𝑇𝐴 

(Mackay, 2001) 

𝑍2 Water Phase in Water mol/Pa ∙ m3 1/𝐻 

𝑍4 Dry Sediment in Sediment mol/Pa ∙ m3 0.41𝑍2𝜌4𝛿𝐾𝑂𝑊/1000 

𝑍5 Suspended Sediment mol/Pa ∙ m3 0.41𝑍2𝜌5𝛿𝐾𝑂𝑊/1000 

𝑍7 Aerosols in Air mol/Pa ∙ m3 0.1𝑍1𝐾𝑂𝐴 

𝑍𝐴 Air Compartment mol/Pa ∙ m3 𝑍1 + 𝜏1𝑍7 

𝑍𝑊 Water Compartment mol/Pa ∙ m3 𝑍2 + 𝜏2𝑍5 

𝑍𝑆𝐸 Sediment Compartment mol/Pa ∙ m3 (1 − 𝜏3)𝑍2 + 𝜏3𝑍4 

𝑍𝐵,𝑖 Biota Compartment mol/Pa ∙ m3 𝐿𝑍2𝐾𝑂𝑊 

Advection 

Flow Rate 

𝐺𝐴 Air Flow m3/day 𝑉𝐴/𝑡𝐴,𝑟𝑒𝑓𝑖𝑙𝑙  
(Mackay, 2001) 

𝐺𝑊 Water Flow m3/day 𝑉𝑊/𝑡𝑊,𝑟𝑒𝑓𝑖𝑙𝑙  
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𝐺𝑆𝐸 Sediment Burial m3/day 𝐴𝑆𝐸𝑈𝐵𝑆𝐸  

Henry’s Law 

Constant 
𝐻 Henry’s Law Constant Pa ∙ m3/mol 𝐻𝑟𝑒𝑓𝑒𝑥𝑝 [−

∆𝑈𝐴𝑊

𝑅
(

1

𝑇𝑊

−
1

𝑇𝑟𝑒𝑓
)] 

(Schwarzenbach, 

2003) 

Octanol/Air 

Partition 

Coefficient 

𝐾𝑂𝐴 
Octanol/Air Partition 

Coefficient 
(Unitless) 10

𝑎
𝑇𝐴

+𝑏
 

(Harner and 

Bidleman 1996) 

Food 

Ingestion 

𝑘𝐷 Diet Uptake Rate kg/kg/day 𝐸𝐷𝐺𝐷/𝑊𝐵 (Arnot & Gobas, 

2004) 𝐸𝐷 Chemical Dietary Efficiency (Unitless) 1/(2 + 3 × 10−7𝐾𝑂𝑊) 

𝐺𝐷 Food ingestion rate            kg/day 0.022𝑊𝐵
0.85𝑒0.06(𝑇−273) 

(Gobas, et al., 

1988) 

Gill Uptake 

𝑘1 
 Phytoplankton, Algae  

L/kg/day 
(6.0 × 10−5 + 5.5/𝐾𝑂𝑊)−1 

(Arnot & Gobas, 

2004) 

 Fish & General Species 𝐸𝑊𝐺𝑉/𝑊𝐵 

𝐸𝑊 
Gill Chemical Transfer 

Efficiency 
(Unitless) 1/(1.85 + 155/𝐾𝑂𝑊) 

𝐺𝑉 Gill Ventilation Rate L/day 1400𝑊𝐵
0.65/𝐶𝑂𝑋  

𝐶𝑂𝑋 Oxygen Concentration mg/L 
[−0.24 ∗ (1.85 + 155

/𝐾𝑂𝑊)𝑆] 

Gill Loss 
𝑘2 Gill loss rate L/kg/day 𝑘1/𝐵𝐶𝐹 (Gewurtz, et al., 

2006) 𝐵𝐶𝐹 Bioconcentration factor (Unitless) 𝐿𝐾𝑂𝑊 

Bottom 

Sediment 

Density 

𝜌𝐷 Sediment Dry Bulk Density kg/m3 (1 − 𝜏3) ∗ 𝜌𝑃 (Klute 1986) 

𝛿 
Organic Carbon Mass 

Fraction in Sediment 
(Unitless) 0.001𝑒

1.776−𝜌𝐷/1000
0.363  (Avnimelech, et 

al., 2001) 
𝜌4 Bottom Sediment Density kg/m3 (1 − 𝛿) ∗ 𝜌𝑃 + 𝛿𝜌𝑂𝐶  

Organism 

Trophic 

Level 

TL 
Organism Trophic Level 

Estimation 
(Unitless) 𝑇𝐿𝑖 = 1 + ∑ 𝑇𝐿𝑗 ∙ 𝑝𝑖𝑗  

(Pauly & 

Palomares, 

2005) 

Organism 

Group Size 

Estimation 

𝐺𝑖 Biomass Growth Rate kg/day 0.00586(1.113)𝑇−20(1000𝑊𝐵𝑖)
−0.2 

(Gewurtz, et 

al., 2006) 

𝑃𝑖  Biomass Predation Rate kg/day ∑
𝜌𝑘𝑉𝑃𝑘𝑝𝑖𝑘𝐺𝐷𝑘

𝑊𝐵𝑘

𝑛

𝑖≠𝑘
 

(Arnot & 

Gobas, 

2004) 

𝑀𝑖 Biomass Natural Mortality kg/day 
4.899𝑡𝑚𝑎𝑥,𝑖

−0.916𝑉𝑃,𝑖

365000
 

(Then, et al., 

2005) 
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Table 2.4 General Parameter Information 

Term Figure Unit 
Mean 

Value 
Range Reference 

Air Temp. 𝑇𝐴 K 285.5 273-303 (NDBC) 

Surface Water Temp. 𝑇𝑊 K 285.5 273-298 (NDBC) 

Bottom Water (Sediment) Temp. 𝑇𝑆𝐸  K 279 277-281 (GLSEA) 

Ideal Gas Constant 𝑅 J ∙ mol/K 8.314 N/A (NIST) 

Air Density 𝜌𝐴 kg/m3 1.175 N/A 

(Mackay, 2001) Water Density 𝜌𝑊 kg/m3 1000 N/A 

Suspended Sediment Density 𝜌5 kg/m3 1500 N/A 

Inorganic Sediment Particle Density 𝜌𝑃 kg/m3 2650 N/A 
(Blake & Hartge, 

1986a) 

Organic Particle Density 𝜌𝑂𝐶  kg/m3 1250 N/A (Boyd, 1995) 

Average Organism Density 𝜌𝐵 kg/m3 1000 N/A (Estimated) 

Aerosol Volume Fraction 𝜏1 (Unitless) 2.0E-11 ±50%  
(Mackay, 2001) 

Sediment Volume Fraction 𝜏2 (Unitless) 0.001 N/A 

Water Content 𝜏3 (Unitless) 0.9 0.85-0.95 (Estimated) 

Air Retention Time 𝑡𝐴,𝑟𝑒𝑓𝑖𝑙𝑙  years 1 ±50% (Estimated) 

Water Retention Time 𝑡𝑊,𝑟𝑒𝑓𝑖𝑙𝑙  years 6 ±50% (EPA) 

Dissolved Oxygen Saturation S (Unitless) 0.85 N/A 
(Arnot & Gobas, 

2004) 

Air Side MTC over Water 𝑘𝑉𝐴 m/day 72 ±50% 

(Mackay, 2001) 

Water Side MTC to Air 𝑘𝑉𝑊 m/day 0.72 ±50% 

Rain Rate 𝑈𝑅 m/day 2.33E-03 ±50% 

Scavenging ratio 𝑆𝑄 (Unitless) 200000 N/A 

Dry Deposition Velocity (Air) 𝑈𝑄 m/day 259.2 N/A 

Water Side MTC over Sediment 𝑘𝑆𝑊 m/day 0.24 ±50% 

Sediment Deposition Rate 𝑈𝐷𝑃 m/day 1.10E-06 ±50% 

Sediment Resuspension Rate 𝑈𝑅𝑆 m/day 2.64E-07 ±50% 

Sediment Burial Rate 𝑈𝐵𝑆𝐸  m/day 2.19E-06 ±50% 

Photosynthesis efficiency 𝜑𝑃 (Unitless) 0.002 N/A 
(Estimated) 

Vegetation coverage 𝜑𝑉 (Unitless) 0.0075 ±50% 

Biota Average Weight 𝑊𝐵 kg Table 4 ±50% 
(Campfens & 

Mackay, 1997) 

Biota Population 𝑉𝑃 m3 Table 5 ±50% (Table S.2) 

Organism Longest Lifespan 𝑡𝑚𝑎𝑥 year Table 4 ±50% (Estimated) 
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Air Height 𝐻𝐴 m 6000 N/A (Mackay, 2001) 

Water Depth 𝐻𝑊 m 86 N/A (EPA) 

Sediment Thickness 𝐻𝑆𝐸  m 0.2 N/A (Estimated) 

Air Surface Area 𝐴𝐴 m2 1.90E+10 N/A (EPA) 

Water Surface Area 𝐴𝑊 m2 1.90E+10 N/A (EPA) 

Sediment Surface Area 𝐴𝑆𝐸 m2 1.17E+10 N/A (EPA) 

Organic Matter Deposition Rate 𝜇1 (Unitless) 0.5 ±50% (Estimated) 

Trophic Magnification Factor TMF (Unitless) Table S.5 N/A  

2.1.2. Model Assumptions 

a. All compartments are homogeneity and PCBs are evenly distributed inside each 

compartment. No spreading delay is considered; 

b. The biota population size is varied by growth rate, mortality rate, and predation rate;  

c. The fugacity capacity varies based on the compartmental temperature. The organism 

fugacity capacity is also affected by the lipid content. However, we lack proper lipid 

content variation data. As a compromise, current model assumes constant lipid content 

for each species. 

2.2. Simultaneous Structure 

2.2.1. The Fugacity Capacity 

2.2.1.1. Air 

The main components related to PCBs transport in the air are air parcel and aerosol. The fugacity 

capacity in each component could be expressed as (Mackay, 2001): 
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𝑍1 =
1

𝑅𝑇𝐴
 (𝐴𝑖𝑟) … … … … … … … … (4) 

𝑍7 = 0.1𝑍1𝐾𝑂𝐴 (𝐴𝑒𝑟𝑜𝑠𝑜𝑙) … … … … … … … … (5) 

Where R is the ideal gas constant ( 8.314𝐽/𝑚𝑜𝑙 ∙ 𝐾 ); 𝐾𝑂𝐴  is the octanol-air partition 

coefficient; 𝑇𝐴 is the air temperature (K). Thus, the fugacity capacity in air compartment should 

be:  

𝑍𝐴 = 𝑍1 + 𝜏1𝑍7 … … … … … … … … (6) 

Where 𝜏1 is the volume fraction of aerosol. 

2.2.1.2. Water 

The water compartment contains water column and suspended sediment. In some model designs, 

water compartment also includes aquatic species. However, since organisms are isolated and 

calculated separately, we isolate most of the organisms from the water compartment. The 

fugacity capacity could be expressed as: 

𝑍2 =
1

𝐻
 (𝑊𝑎𝑡𝑒𝑟) … … … … … … … … (7) 

𝑍5 =
𝑍2𝜌5𝛿5𝐾𝑂𝐶

1000
(𝑆𝑢𝑠𝑝𝑒𝑛𝑑𝑒𝑑 𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡) … … … … … … … … (8) 

Where H is the Henry’s Law constant (𝑃𝑎 ∙ 𝑚3/𝑚𝑜𝑙); 𝜌5 is the suspended sediment density 

(𝑘𝑔/𝑚3); 𝛿5 is the mass fraction of the organic carbon; 𝐾𝑂𝐶 is the organic carbon partition 
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coefficient (L/kg), which is calculated (Karickhoff, 1981): 

𝐾𝑂𝐶 = 0.41𝐾𝑂𝑊 … … … … … … … … (8) 

Thus, the capacity of water compartment should be: 

𝑍𝑊 = 𝑍2 + 𝜏2𝑍5 … … … … … … … … (9) 

Where 𝜏2 is the volume fraction of suspended sediment.  

According to assumption (a), we have: 

𝑓𝑤𝑎𝑡𝑒𝑟 = 𝑓𝑠𝑢𝑠𝑝𝑒𝑛𝑑𝑒𝑑 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 … … … … … … … … (10) 

In 2011, LimnoTech published a study report regarding the PCB loading patterns in Lake Ontario 

(LimnoTech, 2011). According to the study, the PCB input of Lake Ontario in 2005 came from 

air transmission (20%) and water flows (80%). Moreover, a detailed analysis on aquatic PCBs 

input indicates a 70%/30% allocation between dissolved PCBs (water column) and particle PCBs 

(suspended sediment). Thus,  

𝑚𝑤𝑎𝑡𝑒𝑟
𝑃𝐶𝐵𝑠

𝑚𝑠𝑢𝑠𝑝.  𝑠𝑒𝑑𝑖.
𝑃𝐶𝐵𝑠 =

0.56

0.24
=

𝑉𝑤𝑎𝑡𝑒𝑟𝑍𝑤𝑎𝑡𝑒𝑟𝑓𝑤𝑎𝑡𝑒𝑟

𝑉𝑠𝑢𝑠𝑝.  𝑠𝑒𝑑𝑖.𝑍𝑠𝑢𝑠𝑝.  𝑠𝑒𝑑𝑖.𝑓𝑠𝑢𝑠𝑝.  𝑠𝑒𝑑𝑖.
… … … … … … … … (10) 

𝑉𝑤𝑎𝑡𝑒𝑟𝑍2𝑓𝑤𝑎𝑡𝑒𝑟

𝜏2𝑉𝑤𝑎𝑡𝑒𝑟𝑍5𝑓𝑠𝑢𝑠𝑝.  𝑠𝑒𝑑𝑖.
=

1000𝑉𝑤𝑎𝑡𝑒𝑟𝑍2

𝜏2𝑉𝑤𝑎𝑡𝑒𝑟𝑍2𝜌5𝛿5𝐾𝑂𝐶
=

0.56

0.24
 

1000

𝜏2𝜌5𝛿5𝐾𝑂𝐶
=

0.56

0.24
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Thus 

𝜏2 =
3000

7𝜌5𝛿5𝐾𝑂𝐶
… … … … … … … … (11) 

2.2.1.3. Sediment 

The vertical homogeneity conversion of the sediment compartment is difficult since the PCBs 

content with sediment depth depends on the PCB contamination level during the deposition 

period. The current sediment compartment only includes the very top layer of bio-active 

sediment (~0.1m). The sediment is considered as flooded sediment, where little air existed in the 

compartment. As a result, the sediment compartment is a mixture of water and sediment solid 

with organic particle attached to the organic matters. The dry sediment bulk has a fugacity 

capacity as: 

𝑍4 =
𝑍2𝜌4𝛿4𝐾𝑂𝐶

1000
(𝑑𝑟𝑦 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡) … … … … … … … … (12) 

Thus the fugacity capacity of the sediment compartment is: 

𝑍𝑆 = (1 − 𝜏3)𝑍2 + 𝜏3𝑍4 … … … … … … … … (13) 

Where 𝜏3 is the volume fraction of solid sediment. 

For rough estimation, the fraction of organic carbon in flooded sediment could be calculated 

through water content and dry bulk density (Avnimelech et al. 2001): 
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𝐷𝑟𝑦 𝐵𝑢𝑙𝑘 𝐷𝑒𝑛𝑠𝑖𝑡𝑦(𝑔/𝑐𝑚3) = 1.776 − 0.363𝑙𝑛𝑂𝐶 … … … … … … … … (14) 

Where OC is the organic carbon concentration (𝑚𝑔/𝑑𝑤 𝑔). The inorganic sediment particle 

density is conventionally taken 2.65 g/cm3; the density of organic matters can be corrected 

assuming a density of 1.25 g/cm3. Thus, the sediment solid density can be expressed as:  

𝑆𝑜𝑖𝑙𝑑 𝐷𝑒𝑛𝑠𝑖𝑡𝑦(𝑔/𝑐𝑚3) = 1.25 ∗ (% 𝑂𝑀) + 2.65 ∗ (1 − % 𝑂𝑀) 

𝑂𝑀 = 1.7𝑂𝐶 … … … … … … … … (15) 

Thus, the water content is: 

𝜏3 = (1 −
𝐷𝑟𝑦 𝐵𝑢𝑙𝑘 𝐷𝑒𝑛𝑠𝑖𝑡𝑦

𝑆𝑜𝑖𝑙𝑑 𝐷𝑒𝑛𝑠𝑖𝑡𝑦
) × 100% … … … … … … … … (16) 

Finally, the fraction of OC is: 

1.776 − 0.363𝑙𝑛 (1000 ∗ 𝑂𝑀 1.7)⁄

2.65 − 1.4% 𝑂𝑀
= 1 − 𝜏3 … … … … … … … … (17) 

This equation means we can use water content to estimate the fraction of organic carbon in the 

sediment. 

2.2.1.4. Organism 

According to Mackay, the fugacity capacity of biota is defined as (Mackay 2001): 

𝑍𝐵 = 𝐿𝑍𝐿 = 𝐿𝑍𝑂 = 𝐿𝑍𝑊𝐾𝑂𝑊 … … … … … … … … (18) 
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Where L is the lipid fraction in the organism. 

2.2.2. PCBs Mass Variation 

The PCB mass variation, or 𝑑𝑀𝑖 𝑑𝑡⁄ , is defined as the absolute PCB masses enter or exit the 

system through the general transport processes. The basic form for the changes of fugacity in 

compartment 𝑖 can be expressed as, 

𝑑𝑀𝑖

𝑑𝑡
= 𝐸𝑖 + ∑(𝐷𝑗𝑖𝑓𝑗)

𝑛

𝑗=1

− 𝐷𝑇𝑖
𝑓𝑖 … … … … … … … … … … (19) 

In this formula, 𝑖 represents the different media; 𝑗 represents other media that interact with 

media 𝑖; 𝑀𝑖(𝑚𝑜𝑙) represents the current PCB mass in medium 𝑖 ; 𝑉𝑖(𝑚3) represents the volume 

of medium 𝑖; 𝑍𝑖(𝑚𝑜𝑙/𝑃𝑎 ∙ 𝑚3) represents the fugacity capacity of medium 𝑖; 𝑡  represents the 

PCB transport and allocation time; 𝐸i(mol/day) represents the direct pollution exchange rate to 

medium i; 𝑓𝑗(𝑃𝑎) represents the PCB fugacity in medium j; 𝑓𝑖(𝑃𝑎) represents the fugacity of 

medium  𝑖 ; 𝐷𝑗𝑖(𝑚𝑜𝑙/𝑃𝑎 ∙ 𝑑𝑎𝑦) represents the PCB transport processes from medium j to 

medium 𝑖 (𝑖 ≠ 𝑗); 𝐷𝑇𝑖
(𝑚𝑜𝑙/𝑃𝑎 ∙ 𝑑𝑎𝑦) represents the total PCB elimination/exit from medium 𝑖. 

To obtain the detailed expression for each compartment, further detailes about the compartment 

features should be provided accordingly.   

2.2.2.1. Air 

Pollutant transport processes related to air compartment include three routes: the inter-media 
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exchange, the self-elimination, the systematic exchange (Mackay et al. 1983). During the 

inter-media transport, the entrée is mainly through water volatilization (air-water diffusion, 𝐷𝑉), 

while the exit pathways include absorption (water-air diffusion, 𝐷𝑉), wet dissolution (𝐷𝑅𝑊𝑊), 

dry deposition (𝐷𝑄𝐷𝑊), wet particle deposition (𝐷𝑄𝑊𝑊). Since no biota is considered in the air, 

no direct exchange exists between the air compartment and any organisms. The self-elimination, 

or reaction (𝑅𝐴) within the compartment eliminate contaminate through photodegradation and is 

related to the compartmental-based lifetime. Finally, the systematic exchange is mainly through 

the advection (𝐷𝐴𝐼/𝐷𝐴𝑂). As a result, the fugacity variation in the air compartment could be 

written as: 

𝑑𝑀𝐴

𝑑𝑡
= (𝑓𝑖𝑛1𝐷𝐴𝐼 −  𝑓𝐴𝐷𝐴𝑂) +  𝐷𝑉(𝑓𝑊 − 𝑓𝐴) − (𝐷𝑅𝑊𝑊 + 𝐷𝑄𝐷𝑊 + 𝐷𝑄𝑊𝑊 + 𝑅𝐴)𝑓𝐴 … … … (20) 

Where  

Diffusion:  𝐷𝑉 = (
1

𝑘𝑉𝐴𝐴𝐴𝑊𝑍1
+

1

𝑘𝑉𝑊𝐴𝐴𝑊𝑍2
)

−1

… … … … … … (21) 

Wet Dissolution: 𝐷𝑅𝑊𝑊 = 𝐴𝐴𝑊𝑈𝑄𝑍2 … … … … … … … … . … … (22) 

Dry Deposition: 𝐷𝑄𝐷𝑊 = 𝐴𝐴𝑊𝑈𝑄𝑣𝑄𝑍7 … … … … … … … . . … … (23) 

Wet Particle Deposition: 𝐷𝑄𝑊𝑊 = 𝐴𝐴𝑊𝑈𝑅𝑄𝑣𝑄𝑍7 … … … … . . (24) 

Reaction: 𝑅𝐴 =
𝑉𝐴𝑍𝐴

𝑡𝐴
… … … … … … … … … … … … . … … … … … (25) 
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Advection Input: 𝐷𝐴𝐼 = 𝐺𝑖𝑛𝑍𝐴 … … … … … … … … … … … … . . (26) 

Advections Output: 𝐷𝐴𝑂 = 𝐺𝑜𝑢𝑡𝑍𝐴 … … … … … … … … … … . … (27) 

The parameters used in formula (21) through (27) are listed in table 2.4. Thus, 

𝑍𝐴𝑉𝐴

𝑑𝑓𝐴

𝑑𝑡
= (𝑓𝑖𝑛1𝐺𝑖𝑛 − 𝑓𝐴𝐺𝑜𝑢𝑡)𝑍𝐴 + (

1

𝑘𝑉𝐴𝐴𝐴𝑊𝑍1
+

1

𝑘𝑉𝑊𝐴𝐴𝑊𝑍2
)

−1

(𝑓𝑊 − 𝑓𝐴) − 

(𝐴𝐴𝑊𝑈𝑄𝑍2 + 𝐴𝐴𝑊𝑈𝑄𝑣𝑄𝑍7 + 𝐴𝐴𝑊𝑈𝑅𝑄𝑣𝑄𝑍7 +
𝑉𝐴𝑍𝐴

𝑡𝐴
)𝑓𝐴 … … … … … … … … … … (28) 

2.2.2.2. Biota 

Biotic compartments are discussed previously for better understanding their interactions with the 

environment phases. In this study, the definition of the inter-exchange process among different 

biota groups occurs only within the food web, while the processes with the environmental groups 

are identified as a systematic exchange. In the inter-exchange process, PCBs are absorbed by 

organisms through food ingestion (𝐷𝐹𝐼), and are released through predation (𝐷𝑃𝑟𝑒𝑑).  

When studying the PCB transport between environment and organism in water compartment, 

organisms are divided into pelagic and benthic species, because habitat location will lead to 

different calculation method PCB exchange rate. Gill uptake is one of the primary routes to 

transfer PCBs into organisms (𝐷𝐺𝐺𝑊/𝐷𝐺𝐺𝑆). The pathways to transport PCBs to the environment 

includes gill release (𝐷𝐺𝐿𝑊/𝐷𝐺𝐿𝑆), natural mortality (𝐷𝑀𝐷), and egestion (𝐷𝐸). Egestion is 

combined by the undigested food (1 − 𝐸𝐷) and PCB exchange between gut and the fences (𝐷𝐸𝑋). 
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Undigested food is usually estimated as a proportion of the total food ingestion, while the 

gut/fences exchange rate is estimated through trophic magnification factor (TMF) and trophic 

levels. The PCB self-elimination in biota group is mainly through metabolism (𝑅𝐵).  

Considering the existence of the decomposing process, we assume that the PCB inside dead 

organisms caused by natural mortality will be initially decomposed and released to the 

environment before regaining through the food web. For the pelagic species, PCBs from 

decomposed organisms return to both water and sediment; for benthic groups, all released PCBs 

go to the sediment compartment. Thus, the changes of fugacity in biota could be expressed as: 

 

Pelagic species 

𝑑𝑀𝑃

𝑑𝑡
= 𝐷𝐺𝐺𝑓𝑊 + ∑ 𝑝𝑖𝑗𝐷𝐹𝐼𝑗𝑓𝑗

𝑛

𝑖=𝑝𝑒𝑙𝑎𝑔𝑖𝑐&𝑖≠𝑗
− 𝐷𝐺𝐿𝑊𝑓𝑖 − (𝑅𝐵𝑖 + 𝐷𝑀𝐷𝑖 + 𝐷𝑃𝑟𝑒𝑑𝑖)𝑓𝑖 − ∑ 𝐷𝐸𝑋𝑖𝑓𝑗 … (29) 

Benthic species 

𝑑𝑀𝐵

𝑑𝑡
= 𝐷𝐺𝐺𝑓𝑆 + ∑ 𝑝𝑖𝑗𝐷𝐹𝐼𝑗𝑓𝑗

𝑛

𝑖=𝑏𝑒𝑛𝑡ℎ𝑖𝑐&𝑖≠𝑗
− 𝐷𝐺𝐿𝑆𝑓𝑖 − (𝑅𝐵𝑖 + 𝐷𝑀𝐷𝑖 + 𝐷𝑃𝑟𝑒𝑑𝑖)𝑓𝑖 − ∑ 𝐷𝐸𝑋𝑖𝑓𝑗 … … (30) 

Where  

𝐺𝑖𝑙𝑙 𝑈𝑝𝑡𝑎𝑘𝑒: 𝐷𝐺𝐺 = 𝑘1𝑉𝑃𝜌𝐵𝑍𝑊  … … … … … … … … … … . … (31) 

𝐹𝑜𝑜𝑑 𝐼𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛: 𝐷𝐹𝐼𝑖 = 𝐸𝐷

𝜌𝑖𝑉𝑃𝑖𝐺𝐷𝑖𝑍𝐵𝑗

𝑊𝐵𝑖
… … … … … … … . … (32) 
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𝐺𝑖𝑙𝑙 𝑅𝑒𝑙𝑒𝑎𝑠𝑒: 𝐷𝐺𝐿 = 𝐷𝐺𝐺 … … … … … … … … … … … … … … . … (33) 

𝑀𝑒𝑡𝑎𝑏𝑖𝑜𝑙𝑖𝑠𝑚: 𝑅𝐵𝑖 = 𝑉𝑃𝑍𝑖𝑘𝑀 … … … … … … … … … … … … . … (34) 

The parameters used in formula (31) through (34) are listed in Table 2.4. 

2.2.2.2.1. PCB Exchange Between Gut and Fences  

The PCB exchange rate between the gut and the fences can be calculated through TMF and 

trophic levels. TMF, or trophic magnification factor, could be used to evaluate the proportion of 

PCB escape from the system through fences. The species trophic level can be calculated by the 

following formula (Pauly and Palomares 2005): 

𝑇𝐿𝑖 = 1 + ∑ 𝑇𝐿𝑗 ∙ 𝑝𝑖𝑗 … … … … … … … … … … … … … … … … … … … … … (35) 

Where 𝑇𝐿𝑗  represents the fractional trophic level of prey j, and 𝑝𝑖𝑗 represents the fraction of j in 

the diet of i. The PCB released through the fence is then decided by the true TMF differences 

between food and diet: 

𝐷𝐸𝑋 =
𝐸𝐷𝜌𝑖𝑉𝑃𝑖𝐺𝐷𝑖

𝑊𝐵𝑖
∑

𝑝𝑖𝑗𝑍𝐵𝑗𝑓𝑗

(𝑇𝐿𝑖 − 𝑇𝐿𝑗)
∗ 𝑇𝑀𝐹

𝑛

𝑖≠𝑗
… … … … … … … … … … … (36) 

2.2.2.2.2. Predation 

𝐷𝑃𝑟𝑒𝑑𝑖 = ∑
𝜌𝑘𝑉𝑃𝑘𝑝𝑖𝑘𝐺𝐷𝑘

𝑊𝐵𝑘

𝑛

𝑖≠𝑘
= ∑

0.022𝑒0.06𝑇𝜌𝑘𝑉𝑃𝑘𝑝𝑖𝑘

𝑊𝐵𝑘
0.15

𝑛

𝑖≠𝑘
∗ 𝑍𝐵𝑖 … … (37) 
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2.2.2.2.3. Natural Mortality (Mortality without Predation) 

The natural mortality rate is estimated by Then et al. in 2015, who used over 200 fish species to 

evaluate the current existing empirical models for natural mortality rate estimation (Then et al. 

2015). We selected one of the best models as our fundamental to estimate the natural mortality 

loss.  

𝐷𝑀𝐷𝑖 =
4.899𝑡𝑚𝑎𝑥

−0.916𝑉𝑃𝑖

365000
∗ 𝑍𝐵𝑖 … … … … … … … … … … … … … … (38) 

Where, 𝑡𝑚𝑎𝑥 is the maximum surviving time for species 𝑖 (years);  

2.2.2.2.4. Growth Dilution 

According to the new diversity in formula 1, the growth dilution does not belong to the first 

category since there is no actual entrée or exit of any PCB during the process. It is merely a 

volume change. As a result, it should be moved to the third part. 

In sum, the extended expressions for formula (29) and (30) are: 

Pelagic species 

𝑑𝑀𝐵𝑃

𝑑𝑡
= 𝑘1𝑖𝑉𝑃𝑖𝜌𝐵𝑍𝑊𝑓𝑊 +

𝐸𝐷𝜌𝑖𝑉𝑃𝑖𝐺𝐷𝑖

𝑊𝐵𝑖
∑

𝑇𝐿𝑖 − 𝑇𝐿𝑗 − 1

𝑇𝐿𝑖 − 𝑇𝐿𝑗
∗ 𝑇𝑀𝐹

𝑛

𝑖≠𝑗
∗ 𝑝𝑖𝑗𝑍𝐵𝑗𝑓𝑗

− 𝑓𝑖 (𝑘1𝑖𝑉𝑃𝑖𝜌𝐵𝑍𝑊 + 𝑉𝑃𝑖𝑍𝑖𝑘𝑀𝑖 +
4.899𝑡𝑚𝑎𝑥

−0.916𝑉𝑃𝑖

365000
∗ 𝑍𝐵𝑖

+ ∑
0.022𝑒0.06𝑇𝜌𝑘𝑉𝑃𝑘𝑝𝑖𝑘

𝑊𝐵𝑘
0.15

𝑛

𝑖≠𝑘
∗ 𝑍𝐵𝑖) … … … … … … … … … (39) 
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Benthic species 

𝑑𝑀𝐵𝐵

𝑑𝑡
= 𝑘1𝑖𝑉𝑃𝑖𝜌𝐵𝑍𝑊𝑓𝑆 +

𝐸𝐷𝜌𝑖𝑉𝑃𝑖𝐺𝐷𝑖

𝑊𝐵𝑖
∑

𝑇𝐿𝑖 − 𝑇𝐿𝑗 − 1

𝑇𝐿𝑖 − 𝑇𝐿𝑗
∗ 𝑇𝑀𝐹

𝑛

𝑖≠𝑗
∗ 𝑝𝑖𝑗𝑍𝐵𝑗𝑓𝑗

− 𝑓𝑖 (𝑘1𝑖𝑉𝑃𝑖𝜌𝐵𝑍𝑊 + 𝑉𝑃𝑖𝑍𝑖𝑘𝑀𝑖 +
4.899𝑡𝑚𝑎𝑥

−0.916𝑉𝑃𝑖

365000
∗ 𝑍𝐵𝑖

+ ∑
0.022𝑒0.06𝑇𝜌𝑘𝑉𝑃𝑘𝑝𝑖𝑘

𝑊𝐵𝑘
0.15

𝑛

𝑖≠𝑘
∗ 𝑍𝐵𝑖) … … … … … … … … … … (40) 

 

2.2.2.3. Water 

The pollution transport through water is more complex than the air section because of the 

existence of organisms. To achieve the fidelity as the reality as possible, we recreated the PCB 

exchange processes between the environment and organisms. Similarly, the pollutant exchange in 

the water section is divided into three parts. The entrée processes in intermedia exchange include  

Air-Water: absorption (water-air diffusion, 𝐷𝑉), wet dissolution (𝐷𝑅𝑊𝑊), dry deposition (𝐷𝑄𝐷𝑊), 

wet particle deposition (𝐷𝑄𝑊𝑊); 

Water-Sediment: diffusion (𝐷𝑌), resuspension (𝐷𝑅𝑆); 

Water-Biota: gill release (𝐷𝐺𝐿𝑊), death loss (mortality, 𝐷𝑀𝐿), egestion (𝑄𝐸); 

The exit processes in intermedia exchange: 

Air-Water: volatilization (air-water diffusion, 𝐷𝑉); 
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Water-Sediment: diffusion (𝐷𝑌), deposition (𝐷𝐷𝑆); 

Water-Biota: gill uptake (𝐷𝐺𝐺𝑊); 

The self-elimination, or reaction (𝑅𝑊) within the compartment generally eliminate contaminate 

under a first-order decay rate, which is relative to its compartment-based lifetime. Finally, the 

systematic exchange is mainly through the advections in/out (𝐷𝑊𝐼/𝐷𝑊𝑂) of the system. As a 

result, the fugacity variation in the water compartment could be written as: 

𝑑𝑀𝑊

𝑑𝑡
= (𝑓𝑖𝑛2𝐷𝑊𝐼 − 𝑓𝑊𝐷𝑊𝑂) + 𝐷𝑉(𝑓𝐴 − 𝑓𝑊) + (𝐷𝑅𝑊𝑊 + 𝐷𝑄𝐷𝑊 + 𝐷𝑄𝑊𝑊)𝑓𝐴

+ ∑ [𝐷𝐺𝐿𝑖𝑓𝑖 − 𝐷𝐺𝐺𝑖𝑓𝑊]
𝑛

𝑖=𝑝𝑒𝑙𝑎𝑔𝑖𝑐
− 𝑅𝑊𝑓𝑊  +  𝐷𝑌(𝑓𝑆 − 𝑓𝑊) + 𝐷𝑅𝑆𝑓𝑆

− 𝐷𝐷𝑆𝑓𝑊 … … . (41) 

𝐴𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑖𝑛 𝑜𝑢𝑡⁄ :  𝐷𝑊𝐼 = 𝐷𝑊𝑂 = 𝐺𝑊𝑍𝑊 … … … … … … … … … … … . … . (42) 

𝑊𝑎𝑡𝑒𝑟 − 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛: 𝐷𝑌 =
𝐾𝑆𝑊

𝑌4
𝐴𝑆𝑊𝑍2 … … … … … . … … . … . (43) 

𝑊𝑎𝑡𝑒𝑟 − 𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝐷𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛: 𝐷𝐷𝑆 = 𝑈𝐷𝑃𝐴𝑆𝑊𝑍5 … … . . … … … . . . … . (44) 

𝑊𝑎𝑡𝑒𝑟 − 𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑅𝑒𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛: 𝐷𝑅𝑆 = 𝑈𝑅𝑆𝐴𝑆𝑊𝑍4 … … … … … . . … . (45) 

𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛:  𝑅𝑊 =
𝑉𝑊𝑍𝑊

𝑡𝑊
… … … … … … … … … … … … … … … … … … … . … . (46) 

In sum the extended expression for water compartment could be written as: 
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𝑑𝑀𝑊

𝑑𝑡
= 𝐺𝑊𝑍𝑊(𝑓𝑖𝑛2 − 𝑓𝑊) + (

1

𝑘𝑉𝐴𝐴𝐴𝑊𝑍1
+

1

𝑘𝑉𝑊𝐴𝐴𝑊𝑍2
)

−1

(𝑓𝐴 − 𝑓𝑊)

+ (𝐴𝐴𝑊𝑈𝑄𝑍2 + 𝐴𝐴𝑊𝑈𝑄𝑣𝑄𝑍7 + 𝐴𝐴𝑊𝑈𝑅𝑄𝑣𝑄𝑍7)𝑓𝐴  +  
𝐵𝑀𝑆

𝑌4
𝐴𝑆𝑊𝑍2(𝑓𝑆 − 𝑓𝑊)

+ 𝑈𝑅𝑆𝐴𝑆𝑊𝑍4𝑓𝑆 − 𝑈𝐷𝑃𝐴𝑆𝑊𝑍5𝑓𝑊 −
𝑉𝑊𝑍𝑊𝑓𝑊

𝑡𝑊

+ ∑ [(𝑓𝑖 − 𝑓𝑊)𝑘1𝑖𝑉𝑃𝑖𝜌𝐵𝑍𝑊]
𝑛

𝑖=𝑝𝑒𝑙𝑎𝑔𝑖𝑐
… … … … … . (47) 

2.2.2.4. Sediment 

Similarly, the sediment compartment includes biotic activities. Thus it also contains similar 

processes. The entrée processes in intermedia exchange include  

Water-Sediment: diffusion (𝐷𝑌), resuspension (𝐷𝑅𝑆); 

Sediment-Biota: gill release (𝐷𝐺𝐿), egestion (𝑄𝐸); 

Water-Biota: part of the egestion (𝑄𝐸); 

The exit processes in intermedia exchange: 

Water-Sediment: diffusion (𝐷𝑌), deposition (𝐷𝐷𝑆); 

Sediment-Biota: gill uptake (𝐷𝐺𝐺); 

The self-elimination, or reaction ( 𝑅𝑊 ) within the compartment eliminates PCB through 

biodegradation (aerobic remediation only), which is relative to its compartment-based lifetime. 

The sediment compartment does not have a direct PCB input route, but sediment compartment 
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can push PCBs out of the system by deposition. As a result, the fugacity variation in the sediment 

compartment could be written as: 

𝑑𝑀𝑆

𝑑𝑡
= ∑

𝐸𝐷𝜌𝑖𝑉𝑃𝑖𝐺𝐷𝑖

𝑊𝐵𝑖
∑

𝑇𝑀𝐹 ∗ 𝑝𝑖𝑗𝑍𝐵𝑗𝑓𝑗

𝑇𝐿𝑖 − 𝑇𝐿𝑗

𝑛

𝑖≠𝑗

𝑛

𝑖=1
+ ∑ (1 − 𝐸𝐷) ∗

𝜌𝑖𝑉𝑃𝑖𝐺𝐷𝑖

𝑊𝐵𝑖
∑ 𝑝𝑖𝑗𝑍𝐵𝑗𝑓𝑗

𝑛

𝑖≠𝑗

𝑛

𝑖=1

+ ∑ 𝐷𝑀𝐷𝑖𝑓𝑖

𝑛

𝑖=1
+ ∑ [𝐷𝐺𝐿𝑖𝑓𝑖 − 𝐷𝐺𝐺𝑖𝑓𝑆]

𝑛

𝑖=𝑏𝑒𝑛𝑡ℎ𝑖𝑐
+𝐷𝐷𝑆𝑓𝑊 −  𝑅𝑆𝑓𝑆 −  𝐷𝑌(𝑓𝑆 − 𝑓𝑊)

− 𝐷𝑅𝑆𝑓𝑆 … … … … … … … … … … … … … … … … … … … … … … . (48) 

𝐷𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛: 𝐷𝑆𝑂 = 𝐺𝑆𝑍𝑆 … … … … … … … … … … … … … … … … … … … . … . (49) 

𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛:  𝑅𝑆 = 𝑉𝑆𝑍𝑆/𝑡𝑆 … … … … … … … … … … … … … … … … … … … . … . (50) 

In sum the extended expression for sediment compartment could be written as: 

𝑑𝑀𝑆

𝑑𝑡
= ∑

𝐸𝐷𝜌𝑖𝑉𝑃𝑖𝐺𝐷𝑖

𝑊𝐵𝑖
∑

𝑇𝑀𝐹 ∗ 𝑝𝑖𝑗𝑍𝐵𝑗𝑓𝑗

𝑇𝐿𝑖 − 𝑇𝐿𝑗

𝑛

𝑖≠𝑗

𝑛

𝑖=𝑗
+ ∑ (1 − 𝐸𝐷) ∗

𝜌𝑖𝑉𝑃𝑖𝐺𝐷𝑖

𝑊𝐵𝑖
∑ 𝑝𝑖𝑗𝑍𝐵𝑗𝑓𝑗

𝑛

𝑖≠𝑗

𝑛

𝑖=𝑗

+ ∑ [(𝑓𝑖 − 𝑓𝑆)𝑘1𝑖𝑉𝑃𝑖𝜌𝐵𝑍𝑊]
𝑛

𝑖=𝑏𝑒𝑛𝑡ℎ𝑖𝑐
+ 𝑈𝐷𝑃𝐴𝑆𝑊𝑍5𝑓𝑊 −

𝑉𝑆𝑍𝑆𝑓𝑆

𝑡𝑆
−  

𝐵𝑀𝑆

𝑌4
𝐴𝑆𝑊𝑍2(𝑓𝑆 − 𝑓𝑊)

− 𝑈𝑅𝑆𝐴𝑆𝑊𝑍4𝑓𝑆 + ∑
4.899𝑡𝑚𝑎𝑥

−0.916𝑉𝑃𝑖

365000
∗ 𝑍𝐵𝑖𝑓𝑖

𝑛

𝑖=1
 … … … … … … … … . … . (51) 

2.2.3. Fugacity Capacity Variation 

2.2.3.1. Air 

The fugacity capacity of air compartment could be expressed as: 

𝑍𝐴 =  
1

𝑅𝑇𝐴
 (𝜏10.1𝐾𝑂𝐴 + 1) … … … … … … … … . … . (52)  

According to Li et al., the Octanol/Air partition coefficient is temperature sensitive with an 



    
41 

estimation of: 

𝑙𝑜𝑔𝐾𝑂𝐴(𝑇) =
𝑎

𝑇𝐴
+ 𝑏 … … … … … … . . … … … … . … . (53)  

Thus, the fugacity capacity variation in air compartment is expressed as: 

𝑑𝑍𝐴

𝑑𝑡
=

𝑑(
𝜏10.1𝐾𝑂𝐴 + 1

𝑅𝑇𝐴
 )

𝑑𝑡
= −

 (𝜏10.1𝐾𝑂𝐴 + 1)

𝑅𝑇𝐴
2

𝑑𝑇𝐴

𝑑𝑡
+

𝜏10.1

𝑅𝑇𝐴

𝑑(𝐾𝑂𝐴)

𝑑𝑡
… … . (54)  

For 

𝑑(𝐾𝑂𝐴)

𝑑𝑡
=

𝑑(10
𝑎

𝑇𝐴
+𝑏

)

𝑑𝑡
= −

ln (10)10
𝑎

𝑇𝐴
+𝑏

𝑇𝐴
2

𝑑𝑇𝐴

𝑑𝑡
 

Thus, 

𝑑𝑍𝐴

𝑑𝑡
=

𝑑(
𝜏10.1𝐾𝑂𝐴 + 1

𝑅𝑇𝐴
 )

𝑑𝑡
= − [

 (𝜏10.1𝐾𝑂𝐴 + 1)

𝑅𝑇𝐴
2 +

𝜏10.1ln (10)10
𝑎

𝑇𝐴
+𝑏

𝑅𝑇𝐴
3 ]

𝑑𝑇𝐴

𝑑𝑡
… … . (55)  

2.2.3.2. Water 

The fugacity capacity in water could be expressed as: 

𝑍𝑊 =
1

𝐻
(1 + 0.41 ∗

𝜏2𝜌5𝛿5𝐾𝑂𝑊

1000
) … … … … … … … … … (56)  

H is Henry’s law constant. According to research by Schwarzenbach in 2003, the Henry’s Law 

constant could be affected by the temperature with the following formula, also as known as van't 
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Hoff correction. (Bates et al. 2017): 

𝐻(𝑇𝑊) = 𝐻𝑟𝑒𝑓𝑒𝑥𝑝 [−
∆𝑈𝐴𝑊

𝑅
(

1

𝑇𝑊
−

1

𝑇𝑟𝑒𝑓
)] … … … … … (57) 

Where 𝐻𝑟𝑒𝑓 is the referenced Henry’s Law constant at 𝑇𝑟𝑒𝑓; 𝑈𝐴𝑊 is the is the difference in 

internal energies of PCB in phase change from air to water (𝑘𝐽/𝑚𝑜𝑙). Similarly, the 𝐾𝑂𝑊 also 

adept in van’t Hoff correction: 

𝐾𝑂𝑊(𝑇) = 𝐾𝑂𝑊
𝑟𝑒𝑓

𝑒𝑥𝑝 [−
∆𝑈𝑂𝑊

𝑅
(

1

𝑇
−

1

𝑇𝑟𝑒𝑓
)] … … … … … (58) 

Where ∆𝑈𝑂𝑊 is the internal energies requirement for PCB going from octanol to water (𝑘𝐽/𝑚𝑜𝑙). 

However, the 𝐾𝑂𝑊 is much less sensitive to the temperature variation. In this study we can 

assume a constant 𝐾𝑂𝑊 to simplify the calculation. Thus the fugacity rate of change in water is: 

𝑑𝑍𝑊

𝑑𝑡
=

𝑑 (
1 + 0.41 ∗

𝜏2𝜌5𝛿5𝐾𝑂𝑊

1000
𝐻 )

𝑑𝑡
=

1

𝐻2

𝑑𝐻

𝑑𝑡
… … … … … (59) 

And 

𝑑𝐻

𝑑𝑡
=

𝑑 {𝐻𝑟𝑒𝑓𝑒𝑥𝑝 [−
∆𝑈𝐴𝑊

𝑅 (
1

𝑇𝑊
−

1
𝑇𝑟𝑒𝑓)]}

𝑑𝑡
=

𝐻 ∗ ∆𝑈𝐴𝑊

𝑅𝑇𝑊
2

𝑑𝑇𝑊

𝑑𝑡
… … … (60) 

Finally, 

𝑑𝑍𝑊

𝑑𝑡
= − (1 + 0.41 ∗

𝜏2𝜌5𝛿5𝐾𝑂𝑊

1000
)

∆𝑈𝐴𝑊

𝐻𝑅𝑇𝑊
2

𝑑𝑇𝑊

𝑑𝑡
… … … … … … … … … (61) 
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2.2.3.3. Sediment 

The fugacity capacity in sediment could be expressed as: 

𝑍𝑆 = (1 − 𝜏3)𝑍2 + 𝜏3𝑍4 = (1 − 𝜏3)𝑍2 + 𝜏3

𝑍2𝜌4𝛿4𝐾𝑂𝐶

1000
… … … … … (62) 

Thus, 

𝑍𝑆 =
1 − 𝜏3

𝐻
+

0.41𝜏3𝜌4𝛿4𝐾𝑂𝑊

1000𝐻
… … … … … … … … … … … … … … … … (63) 

Where 𝜌4 is the sediment density (kg/L). Thus, the fugacity capacity change in sediment is: 

𝑑𝑍𝑆

𝑑𝑡
=

𝑑(
1 − 𝜏3

𝐻 +
0.41𝜏3𝜌4𝛿4𝐾𝑂𝑊

1000𝐻 )

𝑑𝑡
= (1 − 𝜏3 +

0.41𝜏3𝜌4𝛿4𝐾𝑂𝑊

1000
)

1

𝐻2

𝑑𝐻

𝑑𝑡
… … (64) 

Finally,  

𝑑𝑍𝑆

𝑑𝑡
= (1 − 𝜏3 +

0.41𝜏3𝜌4𝛿4𝐾𝑂𝑊

1000
)

∆𝑈𝐴𝑊

𝐻𝑅𝑇𝑊
2

𝑑𝑇𝑊

𝑑𝑡
… … … … … … … … … (65) 

2.2.3.4. Biota 

According to Mackay, the fugacity capacity of biota is defined as: 

𝑍𝐵 = 𝐿𝑍𝐿 = 𝐿𝑍𝑂 = 𝐿𝑍4𝐾𝑂𝑊 … … … … … … … … … … … … … … (66) 

Where L is the lipid fraction in biota, then 

𝑑𝑍𝐵

𝑑𝑡
=

𝑑(𝐿𝑍4𝐾𝑂𝑊)

𝑑𝑡
= 𝑍𝑊𝐾𝑂𝑊

𝑑𝐿

𝑑𝑡
+ 𝐿𝐾𝑂𝑊

𝑑𝑍𝑊

𝑑𝑡
… … … … … … (67) 
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Then 

𝑑𝑍𝐵

𝑑𝑡
= 𝑍𝑊𝐾𝑂𝑊

𝑑𝐿

𝑑𝑡
− 𝐿𝐾𝑂𝑊

∆𝑈𝐴𝑊

𝐻𝑅𝑇𝑊
2

𝑑𝑇𝑊

𝑑𝑡
… … … … … … … … … … (68) 

2.2.4. The Compartment Volume Variation 

2.2.4.1. Environmental Compartment 

In this study, we assume that no volume change occurs in the environmental compartment.  

2.2.4.2. Organism Volume through Natural Mortality, Growth Rate, and Predation  

The organism population size is an essential factor for the improved model. Pre-existing methods 

for biomass size estimation involve field investigation and measurement. To estimate the 

biomass volumes, we develop an energy-mass method using energy flow as the critical parameter, 

which could be used to calculate the primary producer biomass/volume and the following species 

on the connected food web can be calculated accordingly.  

To estimation the biomass of primary producer, two assumptions must be made before the 

application. First, the primary producers have long been existed and stabilized. Second, the 

identified energy source can be measured and quantified. However, it is also important to 

acknowledge that energy is not the only dominant factor to control the primary producer biomass. 

Other environmental factors, such as nutritional levels, water supply, energy absorption 

efficiency is also critical for primary producers. For solar energy-based ecosystems, most of 
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these parameters cannot be measured directly, but they can be quantified via other parameters, 

such as photosynthetic efficiency and vegetation coverage (Ssebiyonga et al. 2013). Based on the 

pre-assumptions, the following formula is used to estimate the primary producer population 

which depends on solar energy: 

𝑚𝑝ℎ𝑦𝑡𝑜𝑝𝑙𝑎𝑛𝑘𝑡𝑜𝑛,𝑎𝑙𝑔𝑎𝑒 =
𝐸𝑆𝑜𝑙𝑎𝑟 × 𝜑𝑖

𝑃𝐸 × 𝜎𝑖
𝐶  × 𝜑𝑖

𝑇 × 𝜗𝑖
𝐶 × 𝐴𝑖

𝜑𝑖
𝐶 × 𝜏𝑖 … … … … (69) 

Where 𝐸𝑆𝑜𝑙𝑎𝑟(J/s ∙ m2) represents the total solar energy input to the unit surface; 𝜑𝑖
𝑃𝐸(%) 

represents the photosynthetic efficiency of plant i; 𝜎𝑖
𝐶(%) represents vegetation coverage rate 

of each type of plant in the study area; 𝜑𝑖
𝑇(%) is the energy transport factor, the efficient 

proportion of energy stored in the system; 𝜗𝑖
𝐶(g/J) represents the carbon production factor 

which is the energy transferred to carbon in the system; 𝜑𝑖
𝐶(%) represents the carbon fraction, 

that is, the weight percentage of carbon in the target organism i; 𝜏𝑖(days) represents the average 

lifetime of the species; 𝐴𝑖(m2) is the area of species covered surface.  

In formula (69), the total solar radiation is acquired from the Solargis (SolarGIS, 2014). Notice 

the Photosynthetic Efficiency and Carbon Production Factor are measured together. For the 

aquatic system, the combined parameter of Photosynthetic Efficiency and Carbon Production 

Factor is based on the Green Solar Collector; converting sunlight into algal biomass 

(Wageningen University project, 2005—2008). The estimation of the biomass growth efficiency 

not only depends on the photosynthesis efficiency but also takes into account daily consumption 

http://www.narcis.info/research/RecordID/OND1310000/Language/en/;jsessionid=v4vj9ohnzom
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for organism consumption and self-maintenance. The vegetation coverage rate can also be found 

in books (Munawar and Munawar 1986) and the USGS GAP Land Cover Data Set. The 

calculation results are expressed as volume or mass since the density of most aquatic organisms 

is close to the water density. According to the observation records in Lake Ontario (Reavie et al. 

2014), the biomass density of phytoplankton is around 0.01~1g/𝑚3. The formula (69) calculation 

results, depending on the coverage rate and seasonal features, are around 0.03 to 1.5 g/𝑚3.   

The next step is to calculate other species biomass/volume through the trophic level and food 

webs. Since consumers and predators gain their energy through food ingestion, it is convenient to 

use food mass flows to find out the biomasses. In the current design, we assume constant 

population sizes among all the biotic compartments in the ecosystem. The population size could 

increase through growth/reproduction and lose its size through natural mortality and predation. 

We do not consider disasters or incidents which could dramatically alter the population. 

Factors that control population size are considered for their impacts on PCB mass flows. Biota 

reproduction and growth processes do not trigger the actual loss of PCBs from the compartment 

but only reduce the PCB concentration in the biotic compartments as population size increases. 

In contrast, predation and natural mortality can cause both reductions in PCBs mass and loss in 

population size, while not affecting the concentration. Thus, both predation and natural death 

remove PCBs from the biotic compartments. In both processes, PCBs would either be released to 
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the environment or be transferred to other biotic compartments. Under the constant population 

assumption, the growth rate is identical to the sum of the natural mortality rate and predation rate. 

Thus the variation in fugacity is merely caused by the change in PCBs mass transfer. The 

relationship between growth rate, mortality rate, and predation rate under steady-state population 

assumption for a given species 𝑖 are described by the following equations: 

𝐺𝑇𝑖 = 𝑃𝑖 + 𝑀𝑖 … … … … … … … … … … … … … … … … (70) 

For species 𝑖 ,  𝐺𝑇𝑖  represents the growth rate (𝑑𝑎𝑦−1), 𝑃𝑖  represents the predation rate 

(𝑑𝑎𝑦−1), and 𝑀𝑖 is the natural mortality rate (𝑑𝑎𝑦−1). 

The expressions for growth rate, predation rate, and natural mortality rate are: 

𝐺𝑟𝑜𝑤𝑡ℎ 𝑅𝑎𝑡𝑒: 𝐺 = 𝑘𝐺𝑖𝑉𝑃𝑖 = 0.00586(1.113)𝑇−20(1000𝑊𝐵𝑖)
−0.2𝑉𝑃𝑖 … … … … (71) 

𝑃𝑟𝑒𝑑𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒: 𝑃 = ∑
0.022𝑒0.06𝑇𝜌𝑘𝑉𝑃𝑘𝑝𝑖𝑘

𝑊𝐵𝑘
0.15

𝑛

𝑖≠𝑘
… … … … … … … … … … … … (72) 

𝑁𝑎𝑡𝑟𝑢𝑎𝑙 𝑀𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦 𝑅𝑎𝑡𝑒: 𝑀 =
4.899𝑡𝑚𝑎𝑥

−0.916𝑉𝑃𝑖

365000
… … … … … … … … … … … … … (73) 

The detailed information for each term is listed in Table 2.4. As a result, 

𝑑𝑉𝑖

𝑑𝑡
= 0.00586(1.113)𝑇−20(1000𝑊𝐵𝑖)

−0.2𝑉𝑃𝑖 −
4.899𝑡𝑚𝑎𝑥

−0.916𝑉𝑃𝑖

365000

− ∑
0.022𝑒0.06𝑇𝜌𝑘𝑉𝑃𝑘𝑝𝑖𝑘

𝑊𝐵𝑘
0.15

𝑛

𝑖≠𝑘
… … … … … … … … (74) 

Under constant population scale, 
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𝑑𝑉𝑖

𝑑𝑡
= 0 … … … … … … … … … … … … … . . … (75) 

0.00586(1.113)𝑇−20(1000𝑊𝐵𝑖)
−0.2𝑉𝑃𝑖

=
4.899𝑡𝑚𝑎𝑥

−0.916𝑉𝑃𝑖

365000
+ ∑

0.022𝑒0.06𝑇𝜌𝑘𝑉𝑃𝑘𝑝𝑖𝑘

𝑊𝐵𝑘
0.15

𝑛

𝑖≠𝑘
… … (76) 

If the food web details and the scale of primary producers are known, the population equilibrium 

can be used to compute the population of any species if they are connected by the food web. 

2.3. Loading Pattern 

We use ten homolog groups to simulate the total PCB fluxes in Lake Ontario and compare the 

results to the observational records. Moreover, we select PCB-18, PCB-153, and PCB-194, 

which are prevalent PCB congeners in Lake Ontario (Soonthornnonda et al. 2011; Campfens and 

Mackay 1997; Oliver and Niiml 1988) for organism impact analysis. PCB-18 (𝐿𝑜𝑔 𝐾𝑂𝑊 = 5.6), 

PCB-153 (𝐿𝑜𝑔 𝐾𝑂𝑊 = 7.5), and PCB-194 (𝐿𝑜𝑔 𝐾𝑂𝑊 = 7.65) have 𝐾𝑂𝑊 values that extend 

across the range of values reported for PCB congeners (McLeod et al. 2015; Arnot and Gobas 

2004), while the similarity of 𝐾𝑂𝑊 for PCB-153 and PCB-194 allow examination of the effects 

of a small to moderate change in hydrophobicity. 

Table 2.5. The Physical & Chemical Properties of Selected PCB Congeners 

Name 
M 

(𝑚𝑜𝑙/𝑔) 

H(25℃) 

(𝑃𝑎 ∙ 𝑚3/𝑚𝑜𝑙) 
𝐾𝑂𝑊 

Reaction Lifetime (day) 
a b  𝑈𝑂𝐴 TMF 

Air       Water  Sediment  

PCB-18 257.5 25.3 5.60 30 900 5265 4060 -6 35 3 

PCB-153 360.9 20.0 7.50 90 7400 9918 3785 -7 66 4.2 
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PCB-194 429.8 4.37 7.65 90 7400 9918 4906 -5.33 169 6 

Table 2.6. The Physical & Chemical Properties of PCB Homolog Groups 

Homolog Groups Mono Di Tri Tetra Penta Hexa Hepta Octa Nona Deca 

M (g/mol) 205 223 257 292 326 361 395 430 464 498.7 

H(ref) 

(Pa*m^3/mol) 
60 60 77 76 68 86 100 100 100 100 

a 3520 3785 4060 4251 3785 3785 4845 4906 4906 4906 

b -5.0 -5.4 -6.0 -6.0 -5.4 -7 -6.1 -5.33 -5.3 -5.3 

T(ref) (K) 298 298 298 298 298 298 298 298 298 298 

Uoa 42.7 44.0 35.0 31.0 30.0 66 144.0 169 167.0 170.0 

LKow 4.66 5.19 5.5 5.9 6.3 6.8 7.1 7.5 7.9 8.27 

Air (day) 10 15 60.0 90 180 360 720 720 720 720 

Water (day) 1800 1800 1800 1800 3600 7400 14430 14430 14430 14430 

Sediment (day) 5265 5265 5265 5265 5265 9918 19841 19841 19841 19841 

TMF 3.4 3.8 4.2 4.6 5.3 5.39 5.8 6.2 6.6 7 

Identify No. 1 2 3 4 5 6 7 8 9 10 

Combine 1242 0.3 14.7 42.1 33.9 8.1 0.8 0.1 0 0 0 

Combine 1248 0.02 0.36 22.0 57.3 18.6 1.96 0.57 0 0 0 

Combine 1254 0 0.5 0.7 18.3 55.6 22 2.5 0.4 0 0 

Combine 1260 0 0.1 0.3 0.9 9.9 43.5 45.3 18.5 1.7 0 

We use annual PCB loadings based on Gobas et al. 1995 and LimnoTech 2011 to parameterize 

PCB emissions in our model. 20% of the total PCB loading is emitted into the air compartment; 

while the rest enters the water column. The water inputs are combined with dissolved and 

particulate phases, and the proportion of dissolved/particulate phase was estimated as 70%/30%. 

Furthermore, we use standard homolog group properties and their technical mixture shares to 

calculate the total PCB concentration. This simplification shortens the calculation time while 

preserving differences among all PCB congeners. Field measurements indicate that Aroclor 1248 
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& 1254 mixtures dominate the PCBs present in Lake Ontario sediment cores, consistent with the 

historical production records (Hu et al. 2011; Breivik et al. 2002). The proportions of PCB-18, 

PCB-153, and PCB-194 in the total PCB loading in Lake Ontario have been estimated to be 

3.8%, 9.85%, and 1.93%, respectively (Figure 2.4, Breivik et al. 2002a).  

 

Figure 2.3. PCBs Loading Pattern for Lake Ontario (Gobas et al. 1995) 
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Figure 2.4. The Accumulated Inputs of All Three PCB Congeners 

The general environmental parameters of Lake Ontario are applied. Using the Runge-Kutta 

numerical integration to solve for the ordinary differential equations, we estimate the total PCB 

mass flows and concentrations, comparing to the total PCB concentration in Lake Ontario (for 

the period 1930-2015) based on published studies. The predicted PCB mass flows among 

different compartments are then used to evaluate the organism impacts on overall PCB transport 

and fate in Lake Ontario.  

2.4. Population Behavior during PCB Mass Exchange 

In contrast to reliance on the simplified growth dilution formulation, we use the natural mortality 
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rate, predation rate, birth rate, and growth rate to model the size of the biotic population. The 

population volume growth rate represents the sum of the organism’s reproduction rate and 

growth rate. The new growth term is merely an extension of the previous growth formula 

(Gewurtz, 2006). Predation loss and natural mortality are two new processes we use to describe 

the population loss of the biotic compartments. Mortality is defined as the sum of the organism 

natural death rate and predation rate. Predation occurs when the species is consumed by its 

predators, while the natural mortality rate derives from the average lifespan, including all other 

causes of death (Then et al. 2005). Both processes cause PCBs removal from the applicable 

organism compartment. 

The advantage of using the alternatives to replace the growth dilution is that natural mortality, 

predation, reproduction, and growth is more accurate to distinguish between volume expansion 

and contaminant loss. For example, although predation causes PCBs to leave the current biotic 

compartment with the dead organism, it is never entirely absorbed by its predator. According to 

Arnot and Gobas, only a portion of PCBs is taken up by the predator, as determined by the 

function of the dietary chemical transfer efficiency (𝐸𝐷) (Arnot and Gobas 2004). The desorbed 

PCBs will be separated from the total mortality rate and count as part of the PCB transfer from 

organism to the environment.  

The species information and food web structure come from previous studies on PCB 
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bioaccumulation in Lake Ontario (Campfens and Mackay 1997). To evaluate organism 

population impacts, we select two specified biomass densities regarding the phytoplankton 

concentration: 1.4 𝜇𝑔/𝐿 (low) and 1.4 𝑚𝑔/𝐿 (high), based on a study on seasonal 

phytoplankton population variation in Lake Ontario (Estepp and Reavie 2015) 

Table 2.7. Species Biotic Information 

  mass(g) 
lipid 

fraction 

metabolism 

(day−1) 

Maximum 

survival 

time (years) 

Gill 

Uptake 

Type 

Location 

Plankton 0.0004 0.015 50000 0.1 0 𝑃𝑒𝑙𝑎𝑔𝑖𝑐 

Mysid 0.1 0.04 5000 0.8 1 𝑃𝑒𝑙𝑎𝑔𝑖𝑐 

Pontoporeia 0.02 0.03 5000 2 1 𝐵𝑒𝑛𝑡ℎ𝑖𝑐 

Oligochaete 2 0.01 5000 3 1 𝐵𝑒𝑛𝑡ℎ𝑖𝑐 

Sculpin 8 0.08 500 4 1 𝑃𝑒𝑙𝑎𝑔𝑖𝑐 

Alewife 32 0.07 500 5 1 𝑃𝑒𝑙𝑎𝑔𝑖𝑐 

Smelt 16 0.04 500 5 1 𝑃𝑒𝑙𝑎𝑔𝑖𝑐 

Salmonid 2400 0.16 500 12 1 𝑃𝑒𝑙𝑎𝑔𝑖𝑐 

Table 2.8. Food Web (𝐩𝐢𝐣) 

Predator 
Prey 

Plankton Mysid Pontoporeia Oligochaete Sculpin Alewife Smelt Salmonid 

Plankton 0 0 0 0 0 0 0 0 

Mysid 0.8 0 0.2 0 0 0 0 0 

Pontoporeia 0 0 0 0 0 0 0 0 

Oligochaete 0 0 0 0 0 0 0 0 

Sculpin 0 0.18 0.82 0 0 0 0 0 

Alewife 0 0.6 0.4 0 0 0 0 0 

Smelt 0 0.54 0.21 0 0 0.25 0 0 

Salmonid 0 0 0 0 0.1 0.5 0.4 0 
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3. Organic Impacts on PCBs transport 

3.1. Mass Balance and Observations Comparison 

We simulate the PCB concentration distribution from 1930 to 2015 for selected PCB congeners, 

as well as the total PCBs concentration. Figure 3.1-3.3 show the simulated cumulative mass 

flows in 1960 and 1980 for PCB-18, PCB-153 & PCB-194. The accumulation accounts for all 

the mass through the system. The dashed box indicates the model boundary and the arrow 

represent the PCB mass flow direction and allocation/deposition proportion; the hollow circle 

indicates natural degradation in the environmental compartments and organism compartments. 

The percentage showed behind each compartment name represents the PCB mass remaining in 

that compartment among all accumulated PCB inputs. The left side color bar shows the shares of 

PCB congener among each compartment in the system at 1960 and 1980. According to the 

historical record, these two times represent the start and end of primary PCB inputs into Lake 

Ontario. We confirm that the sum of the PCB inputs matches the amount of all advection 

outflows and reactions in the system; thus closing the mass balance. 

The shares of PCB mass flows indicate two primary destinations for these pollutants: reactions 

(degradation in the environment and biodegradation in organisms) and sediment deposition & 

burial. Comparing 1980 to 1960, the percentage of PCB-153 predicted to accumulate in buried 

sediment increases from 73% to 91%, with the difference associated primarily with decreases in 

the PCBs in the biota (12%) and water compartments (5%). 
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Figure 3.1. Model-Predicted Relative Distribution of Accumulated PCB-18 in 1960 & 1980 

Water (5.90%)

Sediment 

(1.46%) 

(Active)

Air (0.0064%)

Biota

(13.3%)

Sediment 

(Deposit)

Water (0.302%)

Sediment 

(0.0877%) 

(Active)

Air (0.00028%)

Biota

(0.849%)

Sediment 

(Deposit)

1960 1980

0
.0

3
1
1
%

2
8

.6
%

7
.0

6
%

6
4

.3
%

0
.0

2
2

7
%

2
4

.4
%

7
.0

8
%

6
8

.5
1

%

 

Figure 3.2. Model-Predicted Relative Distribution of Accumulated PCB-153 in 1960 & 1980 
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Figure 3.3. Model-Predicted Relative Distribution of Accumulated PCB-194 in 1960 & 1980 

The fate of each PCB congener in figure 3.1–3.3 depends on lipophilicity. The 𝑙𝑜𝑔𝐾𝑂𝑊 value of 

most PCB congeners (PCB-17 to PCB-209) falls between 5.0 and 8.3 (25℃, Mackay et al., 

2006). For lighter PCB congeners, such as PCB-18, a low 𝐾𝑂𝑊 indicates little lipid attraction, 

so that most of the PCB-18 remains in water and air. Due to its lower stability (compared to 

higher PCB congeners), aerobic microbial degradation and photodegradation would quickly 

eliminate PCB-18 in the natural environment. According to Neely, the typical surface water 

half-life for PCB-18 in the Great Lake system is around 43 days (Neely 1983). In contrast, heavy 

congeners, such as PCB-153 & PCB-194, are more persistent and have higher octanol/water 

partition coefficients, leading them to partition to organisms or organic matter on suspended 
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sediment particles. Most of these particles then deposit onto the bottom sediment and are 

subsequently buried beneath the active layer.  

To further test the model, we compare the simulation results to field observations collected from 

published literature from 1960 to 2015. The simulation uses the historical PCB loading data in 

Lake Ontario. Average temperatures are applied for all the environmental compartments, and the 

biota temperatures are the same as their habitat compartments. By running the model under two 

loading scenarios for Aroclor 1248 (figure 3.4) and Aroclor 1254 (figure 3.5), the simulation 

results are well-matched with the observed measurements, within one order of magnitude for all 

compartments at various time points. The simulation also confirms that the pollution source of 

Lake Ontario is some combination of Aroclor 1248 and Aroclor 1254. Although our current 

model formation cannot simulate PCB gradients within each compartment due to the 

homogeneity assumption, the comparison still supports the overall validity and accuracy of the 

model predictions. The original comparison data are listed in table 3.1. 

Table 3.1. Observation vs. Simulation in Lake Ontario Pollution History 

Location Time Unit 
Observed 

Records 

Simulation 

1254 

Simulation 

1248 
Type Reference 

Sediment 1968 ng/g wt 57 170 67 Total PCB Frank et, al. 1979 

Water 1969 ng/L 20 15 17.4 Total PCB 
Mackay 1989 

Air 1969 pg/m3 7000 850 1030 Total PCB 

Smelt 1978 ng/g wt 1000 3320.0 1054.0 Total PCB 

Whittle et al. 1983 Smelt 1978 ng/g wt 858 3320.0 1054.0 Total PCB 

Pontoporeia 1978 ng/g wt 1849 649 237 Total PCB 
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Pontoporeia 1978 ng/g wt 1378 649 237 Total PCB 

Phytoplankton 1978 ng/g wt 110 122 68 Total PCB 

Phytoplankton 1978 ng/g wt 280 122 68 Total PCB 

Mysid 1978 ng/g wt 580 510 237 Total PCB 

Mysid 1978 ng/g wt 150 510 237 Total PCB 

Sediment 1981 

ng/g dt 510 760 300 Total PCB 

Oliver et al. 1989 
ng/g dt 690 760 300 Total PCB 

ng/g dt 630 760 300 Total PCB 

ng/g dt 200 760 300 Total PCB 

Sediment 1981 ng/g dt 570 760 300 Total PCB 

Oliver et al. 1988 

Water 1984 ng/L 1.1 2.61 2.98 Total PCB 

Phytoplankton 1982 ng/g wt 50 75 42 Total PCB 

Mysid 1983 ng/g wt 330 275 146 Total PCB 

Pontoporeia 1985 ng/g wt 790 275 164 Total PCB 

Sculpin 1986 ng/g wt 1300 892 537 Total PCB 

Alewife 1982 ng/g wt 1600 1490 571 Total PCB 

Smelt 1982 ng/g wt 1400 2042 649 Total PCB 

Salmonid 1982 ng/g wt 4300 13160 4356 Total PCB 

Salmonid 1977 ng/g wt 6840 23910 7909 Total PCB 

Borgmann et al. 

1991 

Salmonid 1978 ng/g wt 8040 21254 7031 Total PCB 

Salmonid 1979 ng/g wt 3670 18872 6245 Total PCB 

Salmonid 1980 ng/g wt 3940 16744 5541 Total PCB 

Salmonid 1981 ng/g wt 2850 14848 4914 Total PCB 

Salmonid 1982 ng/g wt 5310 13160 4356 Total PCB 

Salmonid 1983 ng/g wt 5430 11659 3860 Total PCB 

Salmonid 1984 ng/g wt 4840 10327 3419 Total PCB 

Salmonid 1985 ng/g wt 2540 9146 3028 Total PCB 

Salmonid 1986 ng/g wt 3130 8098 2681 Total PCB 

Salmonid 1987 ng/g wt 3430 7169 2339 Total PCB 

Salmonid 1988 ng/g wt 2540 6349 2101 Total PCB 

Sediment 1983 ng/g dt 1300 596 236 Total PCB 

Oliver et al. 1989 

Sediment 1983 ng/g dt 1900 596 236 Total PCB 

Sediment 1984 ng/g dt 500 528 209 Total PCB 

Sediment 1984 ng/g dt 570 528 209 Total PCB 

Sediment 1984 ng/g dt 350 528 209 Total PCB 

Sediment 1985 ng/g dt 470 467 180 Total PCB 

Sediment 1985 ng/g dt 680 467 180 Total PCB 
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Sediment 1985 ng/g dt 410 467 180 Total PCB 

Sediment 1986 ng/g dt 80 413 164 Total PCB 

Sediment 1986 ng/g dt 290 413 164 Total PCB 

Air 1990 pg/m3 128 71 85 Total PCB Hillery et al. 1997 
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Figure 3.4. Total PCBs Concentration Comparison: Observation vs. Simulation in Aroclor 1248 
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Figure 3.5. Total PCBs Concentration Comparison: Observation vs. Simulation in Aroclor 1254 
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Figure 3.6. Total PCBs Concentration Comparison: Traditional Design, in Aroclor 1254 
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To evaluate the new model design, we also simulate the model under the traditional design and 

compare the results between simulation and observation using Aroclor 1254 (Figure 3.6). In this 

figure, it is clear that a number of the observed PCB concentrations are significantly higher than 

the simulation. The lack of FBIT effect by the populated organisms reduces the general exchange 

flux which transports PCB mass from water to sediment.  Thus, while the sediment 

concentration data for Aroclor 1254 (yellow, green and purple squares) are well matched by the 

FBIT model in Figure 3.5, the same PCB concentrations are underpredicted in Figure 3.6 when 

the FBIT effect is omitted.  

3.2. Facilitated Biotic Intermedia Transport  

Facilitated biotic intermedia transport (FBIT) results from the additional transport routes 

provided by biotic compartments that affect the overall transport patterns in the system. The net 

flowchart is a useful tool to uncover the FBIT effect of the organisms. In figure 3.6-3.8, the 

magnitude of each flow flux is represented by the width of the arrows. Note that the net flows 

shown in the graph only include the net mass flow of each compartment, not all of the exchange 

processes occurring during the PCB transport (i.e., between organisms). The detailed mass 

transfer matrix is provided in Table 3.2-3.4 in the supplementary document. Due to the size of 

the original flow matrix, the eight biotic compartments (Plankton, Mysid, Pontoporeia, 

Oligochaete, Sculpin, Alewife, Smelt, and Salmonid) are compressed into one general group: 

biota. The values in the matrix result from an input amount of 1000 kg/year consistently for all 
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three selected PCB congeners, with an input of 20% into the air, 56% into the water and 24% in 

suspended particles. A plankton density of 1.4 mg/m3 is used as low biota density, while a 

plankton density of 1.4 g/m3 is chosen for high biota density. Both scenarios are tested under 

average temperature scenario (bottom: 6℃, surface: 15℃).  

The net flow chart indicates no significant biotic impact on hydrophilic PCB congeners, such as 

PCB-18. 97% of the PCB-18 flux remains in the water, most of which is eliminated by 

degradation. In both biotic density scenarios, less than 0.5% of the PCB-18 dissolves in biotic 

compartments, and the existence of high biomass has little impact on overall PCB-18 transport. 

Degradation in the water column dominates PCB-18 fate in Lake Ontario. 
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Figure 3.6. PCB-18 Facilitated Biotic Intermedia Transport under Two Bio-density  
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However, the results show quite the opposite for PCB-153 (figure 4) and PCB-194 (supplemental 

A5b) in the net flowchart. As shown in figures, the PCB congeners enter the system through 

water and air; almost all the contaminants are absorbed by the water column (diffusion, dry 

deposition, and wet deposition). Only 2-5% of the total PCB fluxes are removed by 

environmental and biological degradation; most of the PCB mass enters the sediment 

compartment through diffusion, particle deposition, and organism exchange (FBIT). Diffusion 

and deposition provide direct PCB exchange routes between water and sediment, and they 

dominant the PCB exchange flux in the low biomass scenario (figure 3.7 left). For PCB-153, 

organisms only capture less than 0.2% of the total PCB flux due to the small population size, 

serving as an alternative route to transfer PCB-153 from water to sediment. At this point, both 

the FBIT flux and the direct exchange flux have the same net transport direction from water to 

sediment. In the high biota density situation (figure 3.7 right with 1.4 mg phytoplankton/L), the 

FBIT effect becomes much stronger (i.e., 8210 g/day, PCB-153) and is more than triple the net 

PCB exchange rate (i.e., 2190 g/day, PCB-153) between water and sediment. The direction of the 

direct net exchange flux is reversed, dominated by resuspension and diffusion that balances PCB 

partitioning between water and sediment. 
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Figure 3.7. PCB-153 Facilitated Biotic Intermedia Transport under Two Bio-density 
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Figure 3.8. PCB-194 Facilitated Biotic Intermedia Transport under Two Bio-density  
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To further study the organism population impact on the FBIT effect, we analyze the PCB 

transport pattern between water and sediment under growing organism population. Four transport 

fluxes and their flow direction are tracked in the model under the same input rate, temperature, 

and species combination: the direct water-sediment net transport flux, the FBIT flux, the air & 

water removal flux (advection & degradation), and the active net exchange rate from water to 

sediment (figure 3.9-3.11). The contents of each flux are listed below: 

𝐹𝑙𝑢𝑥𝑊&𝑆 = 𝐷𝐹𝑊𝑆 + 𝐷𝑃𝑆 − 𝐷𝐹𝑆𝑊 − 𝑅𝑆𝑊              (77) 

𝐹𝑙𝑢𝑥𝐹𝐵𝐼𝑇 = ∑(𝐺 + 𝐹𝐼 − 𝐵)𝑖

8

𝑖=1

                                 (78) 

𝐹𝑙𝑢𝑥𝑤𝑎𝑡𝑒𝑟/𝑎𝑖𝑟 = 𝐷𝐷𝑊 + 𝐷𝐷𝐴 + 𝐴𝐷𝑊 + 𝐴𝐷𝐴       (79) 

𝐹𝑙𝑢𝑥𝑆𝑊 𝑑𝑖𝑟𝑒𝑐𝑡 = 𝐹𝑙𝑢𝑥𝑊&𝑆 + 𝐹𝑙𝑢𝑥𝐹𝐵𝐼𝑇                   (80) 

The general PCB flux from water to sediment (formula 77) is calculated by the diffusion of water 

and sediment (𝐷𝐹𝑆𝑊  & 𝐷𝐹𝑊𝑆 ), the deposition from water to sediment ( 𝐷𝑃𝑆 ), and the 

resuspension from sediment to water (𝑅𝑆𝑊); the FBIT flux (formula 78) is comprised of the gill 

uptake rate (G) and the food ingestion rate (FI), minus the biodegradation rate (B); The pollution 

removal by water and air (formula 79) is estimated by the water/air natural degradation & 

advection rate. Finally, PCB transport without bioactivity is expressed by formula 80. 
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Figure 3.9. PCB-18 FBIT Effect under Different Bio-density (Steady State) 

 

Figure 3.10. PCB-153 FBIT Effect under Different Bio-density (Steady State) 
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Figure 3.11. PCB-194 FBIT Effect under Different Bio-density (Steady State) 
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removal flux remains constant. In the meantime, we observe a growing FBIT effect, and the 

direct water-sediment net exchange flux reverses its transport direction at approximately 0.14 mg 

phytoplankton/L. Its impact can be neglected compared to the dominant air & water 

advection/degradation flux for this hydrophilic PCB congener. 

For hydrophobic PCBs, such as PCB-153 & PCB-194, the FBIT flux plays a critical role in 

contaminant transport when the organism population is significant. As shown in figure 3.10 & 

3.11, the direct water-sediment exchange flux and air & water removal flux constitute the overall 

PCB net exchange flux in the low biomass case. As the organism population increases, the FBIT 

flux starts to grow. When the phytoplankton density approaches 0.14 mg/L, the FBIT flux 

completely assumes the role of the direct water-sediment exchange flux and is the dominant 

route for PCB net transport from water to sediment. After this point, the direction of the direct 

net exchange flux reverses, with PCB mass transport from sediment back to the water column. 

As more PCB mass is captured by organisms and the sediment, the air & water removal flux also 

declines, resulting in approximately a 10%-20% increment in the effective net exchange rate 

from water to sediment.  

However, the FBIT effect cannot contribute to overall PCB removal, unless biological migration 

is considered during the model simulation. The absolute amount of PCBs escaping from the 

model boundary depends on the sum of the environmental and natural degradation, as well as the 
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sum of the outflows/deposition from the environmental compartments, with the extra amount of 

PCB in the sediment returning to the water column. Because the water-sediment deposition rate 

depends on the hydraulic and morphological conditions, the acceleration of the transport rate 

mainly comes from increments of organism biodegradation activities that follow the biotic 

population growth.  

3.3. Storage Effect 

The storage effect is defined as the PCB absorption by biotic compartments, causing PCB levels 

to drop in the surrounding environment. To evaluate the storage effects, we compare the selected 

PCB congener masses among different environmental compartments under steady state.  

Figure 3.12-3.14 represents the mass distributions of PCB-18, PCB-153, and PCB-194 at a 

steady state corresponding to different biota densities in Lake Ontario. The different colors 

represent different model compartments. The x-axis represents different biota density in the 

system. At steady state, other organisms’ population could be estimated based on the plankton 

density (g/m3). Y-axis represents the contaminant mass content (g) using a log scale. The 

sediment compartment considers the top layer (~0.1m) of active sediment, and the PCB content 

in the sediment only represents the top layer rather than the entire sediment sector. For PCB-18 

(figure 3.12), over 94% of the contaminant remains in the water column due to its low lipophilic 

feature (𝑙𝑜𝑔𝐾𝑂𝑊 = 5.6). The presence of organisms yields little storage effect (2.5%-3.4%) on 
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the overall chemical distribution of PCB-18 and has little impact on its overall allocation and 

transport in the environment.  

 

Figure 3.12. PCB-18 Mass Content with Different Biota Density 

 

 Figure 3.13. PCB-153 Mass Content with Different Biota Density 
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Figure 3.14. PCB-194 Mass Content with Different Biota Density 
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system, the lower trophic levels (Plankton, Mysid, Pontoporeia, and Oligochaete) carry most of 

the PCB contents, although the PCBs concentration in these species is much smaller than the 

higher trophic level species. Because the upper trophic level species only acquire 10%-15% of 

the energy stored in the sub-trophic level due to the food web structure, the low trophic levels 

could maintain much larger populations compared to the high trophic levels. The significant 

population assists in creating efficient pathways for PCB storage and transport. 

3.4. Overall model prediction evaluation 

To evaluate the overall model performance, we summarize the model results and compare to the 

predictions of the LOTOX2 model, one of the most advanced models specially designed to 

estimate total PCB concentrations in Lake Ontario (Kaur et al. 2012). The new model simulates 

the total PCB concentration under different PCB mixture scenarios from 1930 to 2018 according 

to historical records (Figure 3.15). Although the parameter settings and loading scenarios vary 

significantly between the two programs, both models achieve similar results.  

However, some differences are also noticeable between the two approaches. In the water column, 

the total PCB concentration in the new model is three to four times higher than predicted by the 

LOTOX2 model depending on the PCB type and combination. The higher total PCB 

concentration in water is thought to be partially related to the PCB feedback routines from 

organisms to the environment.  
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Figure 3.15. Time Dependent Total PCB Concentration of Water and Salmonid 

On the other hand, the predictions of the total PCB concentration in lake trout is interesting. 

When the PCB mixture is assumed as Aroclor 1248, the total PCB concentration is 

approximately 80% of the LOTOX2 prediction. But if we select Aroclor 1254 to represent the 

PCB mixture in the model, the total PCB concentration is three times that of the LOTOX2 

estimation. Our results are consistent with the inference that the actual PCB loading (chlorine 

content) in Lake Ontario is a combination of Aroclor 1248 and Aroclor 1254, based on core 

studies of PCB components in Lake Ontario sediments, this joint Arochlor contribution is also 

consistent with the trends of Aroclor production history (Hu et al. 2011). 



    
76 

3.5. General sensitive analysis 

According to Table 2.3, we have identified a list of parameters which, in our opinion, can affect 

the PCB distribution and change its behavior during environmental transport. The variation range 

is determined in several ways. The ranges of some regular environmental parameters, such as 

temperature, water content, and dissolved oxygen saturation, could be settled from historical 

study and records. On the other side, parameters which are difficult to monitor or hard to find in 

previous studies, we use an assumed variation for the analysis. The typical variation range is 

±50% of the typical values. Then the program runs under strict controlled condition with only 

one variable change each cycle. The results are compared to the standard values to determine the 

impact of the selected parameter. For constant input, all final results are converted into 

percentage: 

𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 =  
𝐶𝑆 − 𝐶𝑖

𝐶𝑆
∗ 100% 

Where 𝐶𝑆 represents the PCB concentration under baseline values; 𝐶𝑖 represents the simulated 

concentration with the 𝑖th parameter changed to a certain level. A group of tornado charts are 

provided in Figure 3.16. To begin with, the bar with blue color on the left represents a negative 

impact on the PCB-18 concentration. The negative impact means that if a selected parameter 

increases by a certain amount, the PCB-18 concentration will decrease under steady state. On the 

contrary, the bar with red color on the left side indicates that the selected parameter has a positive 
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impact on the PCB congener’s level. As observed in the chart, the impact of parameter variation 

varies significantly among compartments. In the air compartment, the diffusion rate has the most 

significant impact on PCB-18 concentration and it is a positive effect. It is followed by organism 

group volume, organism lipid fraction, water content and air retention time. Notice that the 

organism group volume and the organism lipid fractions are the two factors which belong to the 

biota compartment and no air-bore organism exists in the current model setting. This result 

indicates the indirect effects of biota activities during PCB-18 transport. On the other hand, the 

most sensitive factors in water and sediment are similar, although the impact significances are 

quite different in these two compartments. In general, sediment compartment is more sensitive to 

temperature variation than water. Water content, water retention time and water-sediment 

diffusion rate are the top three factors affecting the PCB-18 concentration distribution. In the 

water compartment, organism lipid fraction and organism group scale are the two main factors to 

affect PCB-18 concentration. In these charts, the y axis lists all selected parameters with 

variations that are considered to have impacts on the PCB-18 concentration distribution. The x 

axis represents the PCB-18 concentration alternation after applying a certain kind of parameter 

variation. The bar with blue color on the left represents a negative impact on PCB-18 

concentration. The negative impact means that if a selected parameter increases by a certain 

amount, the PCB-18 concentration will decrease under steady state. In contrast, the bar with red 

color on the left side indicates that the selected parameter has a positive impact on the PCB 



    
78 

congener’s level. 

 

 

 

Figure 3.16 Sensitive Analysis for Selected Factors. 
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However, these patterns are not common rules for PCBs. Due to different physical and chemical 

properties, the effects of parameter variation shift among different PCB congeners. As shown in 

Figure 3.17, although for all three PCB congeners, the impact factors are similar, the impact 

levels are quite different. The effects from organism lipid fraction and scale become more and 

more significant as the congener number increases. It seems to show that higher PCB congeners 

are easier to be affected by the organism. One possible explanation is that higher PCB congeners 

tend to have high 𝐾𝑂𝑊 and are easier to be absorbed by the lipid content in sediment and 

organism. In the meantime, the impact levels of other factors seem quite similar among 

congeners.  
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Figure 3.17 Sensitive Analysis for Selected Factors on different PCB congeners in water. 
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have less impact on PCB transport due to the limited variance range of temperature in Lake 

Ontario, especially in water and air compartments. However, we understand that the fugacity 

capacity variation is the change of compartmental temperature from section 2.2.3. To study the 

temperature variation impacts on overall PCB transport and concentration variation, we 

simulated the model with historical PCB loading (Gobas et al, 1995) and historical temperature 

records from the Lake Ontario monitoring program (Figure 3.16, NOAA - Great Lakes 

Environmental Research Laboratory). The results are plotted in Figure 3.17. Notice that we still 

maintain the constant population assumption in current simulations due to the complex 

relationship between temperature and population variance among different biotic species. 

 

Figure 3.18. Annual Water Temperature Variations of Lake Ontario 
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Figure 3.19. Temperature Variations Impacts on total PCBs concentration in Lake Ontario 

The temperature variations in water and sediment only trigger a limited degree of oscillation on 

the underlying curve, but it does not affect the general trend of the PCB concentration changes 

along the timeline. The approximate average concentration of total PCBs remains similar as the 

results directly calculated through the average temperature. It is evident that the concentration 

variation caused by temperature changes is more significant in sediment compare to water. The 
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sediment compartment has no direct PCB input, it only receives PCB contaminants indirectly 

through water-sediment diffusion and deposition or FBIT transport through organisms. As a 

result, its concentration is not only affected by its own fugacity capacity changes, but also the 

PCB input variation from other compartments. In figure 3.19, the PCB concentration oscillation 

in water is barely observed, but the PCB concentration swings in sediment are very distinct. 

From formula (55), (61), & (65), we understand that the temperature variation represents the 

fugacity capacity changes, thus these results indicate that the sediment compartment is more 

sensitive to the fugacity capacity variation compared to the water compartment. 

However, the dynamic temperature reduces the concentration levels in high trophic level species 

compare to a constant temperature setup. In figure 3.19, the Smelt and Salmonid represent the 

typical high trophic level species, and we can observe an approximately 20%-40% drop in 

simulated total PCB concentration under dynamic temperature scenario. This phenomenon can 

be explained by the food ingestion and the growth of the organisms. From Table A3-A8, the 

primary route for PCBs to enter the high trophic level organism proved to be the food ingestion, 

especially for high trophic level species. During spring and summer, the temperature begins to 

rise and remains high, as well as the growth of primary producers and other low trophic level 

species. At this moment, although the systematic food ingestion rates are increasing, the growth 

rates of the low trophic level species are also high. The fast expansion of the individual size 

reduces the systematic PCB levels in the body, which lowers the PCB mass transfer efficiency 
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through the food web. In contrast, as the temperature begins to drop and maintains low in fall 

and winter, the PCB concentration in the preys begin to rise due to the slow growth rates, but the 

diet rates of the predators also drop significantly. As a result, the PCB transport throughout the 

entire food web is reduced due to dynamic temperature variations, which weaken the long-term 

accumulation rate of the PCB mass in high trophic level species. 

Moreover, these results also indicate that the high trophic level species have little impacts on 

overall PCB allocations in the environment. Although the accumulated PCB concentration in 

high trophic levels can be extremely high compared to other compartments, the small population 

sizes have weakened its effect to a large extent on the overall distribution of PCB mass. From the 

figure 3.19, it is clear that the concentration in high trophic levels species, such as Smelt and 

Salmonid, is entirely different under two temperature scenarios. But the PCB concentrations in 

water and sediment seem to have little changes on an average basis. As a result, when talking 

about the organism impacts on PCB mass allocation in the environment, we should focus on low 

trophic level species instead of high trophic level organisms  
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4. Conclusion 

Our new model has been used to evaluate organism impacts on PCB transport through an 

ecosystem, to provide for a more robust modeling approach. Results indicate that the organism 

should be treated on a population basis to characterize PCB transport better, especially when the 

PCB congeners show strong hydrophobicity. Also, the model should not only predict the 

pollution mass transfer to and from the organism but also maintain equal mass flows to ensure 

that no pollutant is created or lost without attribution. 

The use of an organism population approach allows for more robust explanations of PCB 

allocation and exchange through the lake system. We introduce a set of new terms to describe the 

population behavior of the organism and specify equilibrium on organism population. The 

facilitated biotic intermedia transport effect (FBIT) and the storage effect of organisms are 

described, and their impacts on the overall PCB fate and transport in the environment are 

identified. For high hydrophobic and lipophilic PCBs, the organism compartment plays a vital 

role during PCB transport and takes a significant share of PCB mass once their population size 

reaches certain levels. Our simulations indicate that organisms not only perform as the receptors 

during PCB exposure but also act as a primary carrier, providing several primary exchange 

pathways for PCBs allocation between water and sediment.  
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4.1. FBIT & Storage Effect 

In this study, the facilitated biotic intermedia transport effect and the storage effect of the 

organism are described, and their impacts on the overall PCBs transport in the environment are 

identified. For high hydrophobic and lipophilic PCBs, the organism compartments take a 

significant share of the pollutant mass once their population scales reach certain levels, 

especially for low trophic levels due to their considerable biomass quantities. Our simulations 

show substantial evidence that the organism not only performs as the receptors but also acts as a 

primary carrier and provide the primary transport paths for PCBs exchange between water and 

sediment, especially for high hydrophobicity PCBs when the organism population is significant. 

4.2. Future Study 

Opportunities are present to extend the current model further. For example, the FBIT effects 

could be further expanded if organism migration is taken into consideration. The organism 

migration process will provide additional PCB removal pathways, reinforce the FBIT effects, 

and increase the overall net flow rates during PCB transport. Moreover, the fate of post mortality 

organisms needs more attention, since the details on predation and decomposition alter the PCB 

flow rate and direction among different environmental and biotic compartments, which 

eventually change the PCB transport and concentrations. Furthermore, we need additional 

solutions to evaluate the variation of PCB distributions within each compartment. The current 
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model assumes a homogeneity design. However, a highly variant distribution of PCB 

concentration is inevitable for large dimension compartments. For instance, the requirement of 

homogeneity leads the current model to include only the top layer of the sediment. If we want to 

expand the application of the model into the whole sediment, it may be necessary to add a 

vertical gradient within the sediment layers.  
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Part 2 A cross-validation analysis of the empirical rules on polychlorinated 

biphenyls (PCBs) anaerobic dechlorination 

Dechlorination is the dominant process to degrade Polychlorinated Biphenyls (PCBs) in an 

anaerobic environment. However, PCBs dechlorination mechanisms and their degradation 

products vary due to different microorganisms and environmental conditions. Our first project 

focuses on improving the understanding of the empirical rules by using updated observation 

records and the Monte Carlo cross-validation method, extracting the bio-selectivity features from 

the pre-existed empirical rules. General patterns of currently reported pathways are also 

summarized, and comparison of different rules with the PCB observation is given at the end. 
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5. Introduction 

5.1. Polychlorinated Biphenyls (PCBs) Natural Degradation 

As a group of the persistent organic compounds, the ultimate fate of Polychlorinated Biphenyls 

(PCBs), as well as other persistent organic pollutants (POPs), has become a focus of research in 

recent years. Biodegradation is the conventional process for PCB natural degradation in the 

environment. It is divided into two main categories: aerobic biodegradation and anaerobic 

biodegradation, depending on the bacteria presence and oxygen availability (Abramowicz 1995).  

The natural elimination of PCBs in the aerobic environment is possible, but this kind of 

biodegradation is limited to lower homolog groups with fewer chlorine atoms attatched on the 

benzene rings. (Ahmed and Focht 1973; Zehnder 1988; Abramowicz 1990; Commandeur et al. 

1996; Abraham 2002; Pieper 2005; Borja et al. 2005;). The mechanism of PCBs aerobic 

biodegradation has been identified and key enzymes, biphenyl 2,3-dioxygenases, have been 

intensively characterized and separated from the environmental background (Gibson and Parales 

2000). In this reaction, the microorganisms with biphenyl catabolic genes break the biphenyls 

rings (the 2, 3-dioxygenase pathway), yielding benzoate and 2- hydroxypenta-2,4-dienoate as 

reaction products. The final products include water, carbon dioxide, and hydrogen chloride 

Abramowicz 1995).  

On the other side, the PCB anaerobic biodegradation, or dechlorination, has been widely detected 

and examined in anaerobic sediment layers of several contaminated water sites (Brown et al. 
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1984; Alder et al. 1993; Bedard and May 1996; Bedard et al. 1997; Fagervold et al. 2007). PCB 

dechlorination is performed by halorespiring microorganisms and primarily occurs in highly 

chlorined substances. Unlike the aerobic degradation, the PCB dechlroination reaction removes 

chlorine atoms from the benze rings and produces a less chlorinated substitutes. This capability is 

believed to originate from pre-existed dehalogenation reactions, which evolved to degrade 

aliphatic and aromatic halogenated compounds (Häggblom & Bossert 2003; May et al. 2008). 

Evidence shows that the population growth of dehalogenation microorganisms has been 

identified to be positively correlated with PCBs homologous chlorinated levels (Hiraishi 2008). 

It is believed that the PCB dechlorination can be used as an effective remediation technology for 

the degradation of heavily contaminated site, such as sediment and deep layer soil in the future.  

Understanding the mechanisms and stages of PCB dechlorination is important for practice.  

However, the separation and identification of PCB dechlorination related microorganisms and 

enzymes has proved to be extremely difficult and complex, and the engineering applications of 

controllable PCB dechlorination are still far off. Since the discovery of PCB anaerobic 

degradation, or dechlorination process, it has taken three decades from the first report of 

microbial polychlorinated biphenyl (PCB) dechlorination to identify even one of the enzymes 

responsible (Bedard 2014). Furthermore, the separated enzymes and microorganisms behave 

differently under various environmental conditions (Wu et al. 1997). As a result, predicting PCB 

dechlorination using laboratory experiments has become a major challenge in scientific studies  
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5.2. PCBs Toxicity 

The toxicity of PCBs changes significantly among congeners (Robertson and Hansen, 2001). The 

PCBs toxicity on human health is believed to have short-term and long-term impacts. The most 

studied and confirmed toxicity comes from a very small number of PCB congeners which have 

dioxin-like chemical structures. In general, the dioxin-like PCB substitutes are non-ortho or 

mono-ortho chlorinated congeners. Since the lack of chlorine atoms on ortho positions allows the 

biphenyl structure to freely rotate along the carbon-carbon bond between the two benzene rings, 

these congeners might gain more bio-reactivity. In the short-term, the dioxin like PCB congeners 

usually cause restrictions of Heme synthesis, which triggers the Porphyrin disease, with multiple 

symptoms, including severe skin rash. The symptoms were first reported by the workers in PCB 

manufacture facilities, and widely discovered in PCB related accidents (Aoki 2001).  

However, the mechanisms of long-term toxicity are still unclear, and the lack of quantitative 

evidence between PCB exposure levels and cancer incidences make it difficult to have a clear 

description of PCBs long-term toxicity. It is broadly believed that the accumulated PCB products 

in human tissues also intrude DNA molecules and induce mutations, thus have teratogenic and 

carcinogenic effects, causing cancer and leukemia.  

5.3. Empirical Rules 

Empirical rules are developed since the early stages of PCB dechlorination study as a way of 

exploring the mechanisms without knowing the specific microorganisms and enzymes. Based on 

https://en.wikipedia.org/wiki/Congener_(chemistry)
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the position of the targeted chlorine atom, the dechlorination pathways usually classified into 

three general groups: para, meta, and ortho. A dechlorination pathway is determined when a 

specific congener loses one chlorine atom and transforms into another PCB congener. Without 

proper rules, the difficulty and workload on distinguishing the correct dechlorination pathways 

would increase dramatically (VanBriesen 2011). Although the characteristics of PCB 

dechlorination microorganisms are still rarely known, eight PCB dechlorination categories are 

summarized based on homolog categories, organism groups, targeted chlorines, and their spatial 

relationships with other chlorine atoms on the congener structures (Bedard & Quensen 1995; 

Bedard et al. 1997; Wu et al. 1997). These rules provide excellent guidance for biodegradation 

degradation study.  

Table 5.1. Eight processes dechlorination rules  

Dechlorination 

activity 
Targeted Chlorine 

Homolog 

substrate 

range 

Reactive chlorophenyl groups 

P  single/doubly flanked para 4~6 34, 234, 245, 2345, 23456 

H single/doubly flanked para, doubly flanked meta 4~7 34, 245, 2345, 345, 234, 2346 

H' single/doubly flanked para & para flanked meta 3~5 23, 34, 234, 245, 2345 

N ortho/para/doubly flanked meta 5~9 234, 236, 245, 2345, 2346, 23456 

M ortho/para/doubly flanked meta & unflanked meta 2~4 3, 23, 25, 34, 234, 236 

Q ortho/doubly flanked meta & flanked/unflanked para 2~4 4, 23, 24, 34, 234, 245, 246 

LP flanked/unflanked para & ortho/doubly flanked meta 3~6 24, 245, 246, 34, 4, 23, 235, 234 

T doubly flanked meta 7~8 2345 

The empirical rules (Table 5.1) are created based on in-situ samples & laboratory tests (Hughes 

2010). The table was firstly modified by Bedard in 2001, and the red character indicates new 
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supplementary by Hughes et al. in 2010. The characterization includes PCB homolog groups, 

targeted chlorines, and the spatial relationships with other chlorine atoms on the biphenyl 

structure (Tiedje et al. 1993; Bedard et al. 1997; Wu et al. 1997). It is believed that the PCB 

dechlorination preferences come from the bio-selectivity under various microorganisms and 

enzymes.  

However, it is difficult to use the sole empirical rules as guidance to describe the complexity of 

PCB dechlorination behavior and congener distribution mathematically under specific congener 

combination and environmental conditions, since the empirical regulations represent the 

bio-selectivity features of microorganisms and cannot provide quantitative information to 

distinguish the thermodynamic differences among similar dechlorination.  

5.4. Dehalogenation Process  

During the dechlorination reaction, PCB molecules replace chlorine atoms with hydrogen atoms, 

forming lower chlorine content PCB isomers (Borja et al. 2005; Jönsson et al. 2003; Wiegel and 

Wu 2000). Under anaerobic environment, lack of electron receptors (oxygen, nitrate (𝑁𝑂3
−

)) 

becomes the main concern for microorganism respiration. To deal with the issue, microorganisms 

utilize high redox potential aliphatic and aromatic halogenated compounds as the electron 

receptors (e.g. PCBs, chloroethylene) and hydrogen or other small molecular organic compounds 

as the electron donators to perform a dehalogenation respiration (Mohn & Tiedje 1992). As a 

typical reduction-oxidation reaction, each halogenated molecular receives two electrons, and 
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substitutes one chlorine ion (𝐶𝑙−) with one hydrogen ion (𝐻+). The dehalogenation process 

usually releases significant amount of energy and assists microorganism to realize normal 

metabolism and reproduction functions. The general formula of PCB dechlorination process is 

expressed as (Dolfing and Harrison 1992) ： 

PCB(𝐶12𝐻10−𝑛𝐶𝑙𝑛) + 𝑀 → PCB(𝐶12𝐻10−𝑛𝐶𝑙𝑛−1) + 𝑀+ + 𝐶𝑙− 

PCB(𝐶12𝐻10−𝑛𝐶𝑙𝑛−1) + 𝑀 + 𝐻+ → PCB(𝐶12𝐻11−𝑛𝐶𝑙𝑛−1) + 𝑀+ 

M represents the electron donors in the reaction. Moreover, the occurrence and termination of 

PCBs dechlorination reaction also depend on environmental conditions. Temperature, pH, 

electron donator availability, and electron receptor competition may affect the PCB 

dechlorination pathway selection (Abraham 2002; Wiegel & Wu 2000; Wu et al. 1997; Nies & 

Vogel 1991).  
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6. Model Design and Data Collection 

6.1. Observation Data Collection 

The observation data is collected from multiple studies in the last two decades. All data sources 

are listed in table 6.1. The table is modified based on explicitly reported observations from 

multiple studies on in situ and lab tests. Notice that repeated observations are frequent, but there 

is no difference using repeated data to train model. A total of 405 explicitly reported 

dechlorination pathways are collected in the dataset.  

Table 6.1. Observed Data Collection 

Explicitly 

Reported 

Observation 

Source 
Number of 

Observation 
Observation Site 

Process P Wu et al. 1997 26 Woods Pond 

Process H Bedard and Quensen, 1995 21 Hudson River 

Process H' Bedard and Quensen, 1995 20 New Bedford; Hudson River 

Process N Bedard and Quensen, 1995 29 Silver River; Hudson River 

Process M Bedard and Quensen, 1995 16 Silver River; Hudson River 

Process Q Bedard and Quensen, 1995 20 Hudson River 

Process LP Bedard et al. 1997 31 Housatonic River 

Process T Wu et al. 1997 7 Woods Pond 

Process ARO Imamoglu et al. 2002 50 Ashtabula River; Hudson River 

Process WHO Van den Berg et al. 2006 18 None 

Process LH Bzdusek et al. 2006 40  Lake Hartwell 

Process SBG Bzdusek et al. 2006 20 Sheboygan River 

Process 1260 Fagervold et al. 2007 31  The Chesapeake Bay 

Process BH Demirtepe et al. 2015 93  Baltimore Harbor  

 

6.2. Rules and Assumptions 
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The improvement of current PCB dechlorination rules involves a deep understanding of the 

limitation and boundaries of possible dechlorination pathways. Several factors may limit the 

actual selection of dechlorination pathways: compound structure, PCB mixture combination, 

dechlorination preference, microorganism features, and environmental conditions. In this study, 

our purpose is to improve the general rules of PCB dechlorination, so that we only discuss the 

compound structure, PCB mixture combination, and dechlorination preference, since the 

microorganism features and environmental conditions may vary significantly from place to 

place. 

First, the PCB congener structure provides the fundamental limitation for dechlorination pathway 

selection, and it would produce the initial boundary on the availability of dechlorination 

pathways. The chemical structure of PCB congeners would limit the dechlorination pathways in 

some cases. For example, double flanked para and double flanked meta are the most common 

dechlorination processes in Heptachlorobiphenyl (PCB-170~PCB193) groups. However, 

PCB-187 only dechlorides through single flanked para and single flanked meta (ortho or para 

flanked), because it does not contain any double flanked chlorine structures. 

The second principle comes from the empirical rules. PCB dechlorination processes are divided 

into three groups: para, meta, and ortho, based on the position of the lost chlorine atom. For any 

given PCB congeners, there are four meta positions, four ortho positions, and two para positions 

for chlorine attachment. Each category is further split based on the side chlorine atom 
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appearance, also known as flanked. 

Table 6.2. PCB dechlorination classification based on empirical rules 

No. 
Dechlorination 

location 
Flanked situation 

Arrangement 

form 
Typical group 

1 

para 

unflanked para X010X - 4, 24, 246 

2 single flanked para X110X X011X 34, 234, 245, 2346 

3 doubly flanked para X111X - 345, 2345, 23456 

4 

meta 

unflanked meta 010XX XX010 3, 25, 235 

5 para flanked meta 011XX XX110 34, 345, 245, 2345 

6 ortho flanked meta 110XX XX011 23, 235, 236, 2356 

7 doubly flanked meta 111XX XX111 234, 2345, 2346, 23456, 

8 
ortho 

unflanked ortho 10XXX XXX01 2, 24, 25, 26, 245, 246,2456 

9 single flanked ortho 11XXX XXX11 23, 234, 235, 236, 2345, 2346, 23456 

 

 

 

 

 

 

For para dechlorination process, it could be unflanked para, single flanked para, and double 

flanked para. Because the para position is axisymmetric, the flanked chlorine atom could only 

locate at the meta position. For meta dechlorination process, there are two single flanked meta 

structures: para flanked, and ortho flanked. No double flanked ortho exists under PCB structure. 

As a result, the current system includes 90 possible dechlorination categories. Table 6.2 is a 

summary of PCB dechlorination classification. “0” means the position is attached to a hydrogen 

atom; “1” means the position is attached to a chlorine atom; “X” represents the location could be 

either chlorine or a hydrogen atom. The red mark on the numbers represents the dechlorination 
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location where the chlorine atom is replaced by a hydrogen atom. In a typical group, the number 

with underlines indicates the dechlorination position. However, in some meta dechlorination 

process, only one chlorine is removed each tie for the possible process. 

The third rule is originated by studying the PCBs production procedure. As previously mentioned, 

all the commercial PCB products are mixtures of different PCB congeners, and each product 

contains a specific range of homolog groups. However, the appearances of PCB congeners are 

not continuous even in those homolog groups. As a result, a small share of congeners has never 

been observed in any existed product. Although the production process and dechlorination 

process are entirely different in directions, mechanisms, media, and environmental conditions, it 

can still provide useful information to generate dechlorination restrictions. The assumption is that 

if a particular congener has never been observed in commercial products, nor it can be observed 

in any degradation processes, we can remove the pathways related to these congeners. This rule 

becomes much more useful when the dechlorination pathways of a specific PCB mixture are 

evaluated because the single commercial mixture only contains 30%~60% of the total PCB 

congeners.  

6.3. Model Structure 

All classification is processed within a Matlab (ver. 2016b) program. The entire classification 

process begins with a structural database of PCB congeners. The targeted parent congener is 

broken into the left ring and right ring, and their chlorine structures are identified. The program 
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would randomly remove one chlorine atom from the current structure. The position of the lost 

chlorine atom is determined by the flanked situation. Then the dechlorined structure is rejoined 

by the system to identify the child congener. Because of the PCB naming principles, the child 

congener may need to reshape its structure to meet with the correct order for program 

recognition. As a result, an additional process is used to reform the new structure for 

identification. After this procedure, the process is recorded by the program with a parent, child 

congener, and its dechlorination categories. At this stage, no rule is applied to the processes, and 

the program identifies all possible dechlorination pathways according to congener structures. 

After that, the remaining pathways are checked by the production restrictions to eliminate 

non-existed congeners and remove all related processes.    

Next, the program processes a Monte Carlo cross-validation test to figure out the optimal 

classification method and compare to the current sorting method. In the beginning, the program 

randomly splits the observation dataset into two groups: the training group (80%) and the test 

group (20%). The program first runs a classification process of all the observation data with the 

sorting method in the table. The features of these observations are signed with a classification 

number and the parent congener’s homolog group. Then the program uses the training group to 

find the dechlorination patterns and rules are generated during the process. However, the 

observation records may contain some errors which may lead to an unexpected extension in 

potential pathways. As a result, an extra restriction is provided that the number of observation in 
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training group for each possible pathway must acquire a certain level of significance before 

identifying as a specific rule. Since the number of potential pathways in each dechlorination 

category is different, it is necessary to make sure that this restriction works evenly through the 

entire dechlorination category. We assume that if the number of observation could achieve 20% 

of the total number of potential pathways in current category, it is significant enough to be 

identified as a valid dechlorination category. The goal of the selecting process is to achieve a 

minimum number of potential dechlorination pathways to reduce the complexity of the rules and 

simplify the analysis, and maximize the prediction accuracy at the same time. According to the 

variance of different training groups, the rules may have some differences each time. When the 

training process is complete, the program removes all invalid dechlorination pathways which do 

not meet the rule requirements and also the repeated pathways in summary. Finally, the program 

runs the testing group to evaluate the accuracy of the predicted patterns. The entire process 

repeats for over 100,000 times to eliminate any statistical bias and over-fitting issue.  
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7. Results and Discussion 

7.1. Limitation from PCB congener structure 

The total number of the theoretical dechlorination pathways is 840 for all possible PCB 

dechlorination reactions. In figure 7.1, three colors are used to represent the ortho, para, & meta 

pathways of PCB dechlorination. Then the different shapes of the lines are used to describe the 

flanked-categories of the PCB congeners. The color of the frame represents the dechlorination 

characters of each congener: red frame means the conger has no parent; the blue frame means the 

congener has no child under current degradation rules; the green color indicates that the congener 

has neither parent nor child. Thus no dechlorination process occurs in this congener.  

 

Figure 7.1. Theoretical PCB Dechlorination Pathways  
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Figure 7.2. Histogram of PCB Theoretical Dechlorination Pathways (blue) and Observed 

Pathways (yellow).  

The PCB theoretical dechlorination pathways do not limit or apply a bias to the dechlorination 

preference. The histograms of all possible PCB dechlorination pathways are performed in figure 

7.2. All pathways are split based on the homolog group (parent) and dechlorination categories. 

The general dechlorination processes are split into different flank categories with different 

homolog groups. The repeated observations have been removed to reflect the actual number of 

existed pathways. The shapes in the entire dechlorination categories are typically distributed if 

no other factor is considered to affect the selection of specific dechlorination routines. The peak 

frequency appears in Tetrachlorobiphenyl (unflanked), Pentachlorobiphenyl (unflanked and 
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single flanked), Hexachlorobiphenyl (single flanked and double flanked), and 

Heptachlorobiphenyl (double flanked) groups, where the homolog groups contain the most PCB 

congeners. The availability of flanked chlorine structures in each homolog group has small 

effects to bias the number of dechlorination pathways. 

The theoretical dechlorination pathways could be used to determine the redundancy of the 

observation and make sure the observation pathways do not obey the structure restrictions. 404 

valid observations are listed in the original data record. After eliminating the repeated records, 

201 valid pathways are recognized from the dataset.  

7.2. Observation on PCBs Dechlorination Preference 

The preference of dechlorination pathways is challenging to predict since its mechanism with 

microorganisms is still not fully understood by the scientific community (Bedard 2001). 

However, previous research has managed to figure out the relationship between preferences and 

trends of dechlorination pathways under specific homolog groups using statistical analysis. 

In general, our analysis confirmed that the para and meta removal still counted as the primary 

dechlorination pathways for PCB congeners (Bedard 1995). Figure 7.3 provides the frequency of 

observed dechlorination pathways in each category. The observed dechlorination pathways are 

separated into nine general categories based on the position of the removal chlorine atom and the 

flanked chlorine locations. The frequency counted all the recorded pathways. Some of them are 
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repeated records in multiple studies. Ortho removal is very rare and appears randomly in PCB 

congeners. Unlike the previous study, our analysis indicates higher frequencies of single flanked 

para and meta removal than the double flanked removal in the general observation records. One 

explanation of this preference is that single flanked structures are more common than double 

flanked structures among PCB congener structures. Another feature of PCB dechlorination 

pathways is that the observations of ortho flanked meta pathway are significantly higher than 

para flanked meta pathways. According to Bedard, this is probably caused by the competitive 

relationship between para flanked meta and single flanked para (which is also known as meta 

flanked para).  

According to the histogram, homolog groups prefer different para dechlorination pathways 

following a robust empirical pattern: the higher chlorine content of a homolog group contains, 

the more likely it would dechloride from higher flanked positions. For example, double flanked 

para is preferred by high homolog groups (Pentachlorobiphenyl to Octachlorobiphenyl); medium 

homolog congeners (Trichlorobiphenyl to Heptachlorobiphenyl) tend to dechloride through 

single flanked para; lower homolog groups remove their chlorine atoms through unflank para. 

For each general pathway, the frequency of observation among different homology groups form 

shapes close to normal distributions. From figure 7.2, we already know that all three 

dechlorination categories are normally distributed through the homolog groups, and the peak 

frequency of all three categories appears in Tetrachlorobiphenyl, Pentachlorobiphenyl, and 
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Hexachlorobiphenyl groups. Thus, the shifts of peak frequency in unflanked para and double 

flanked para indicate the relationship between the homolog groups and the preferred 

dechlorination pathways.  

 

Figure 7.3 Observed PCB Dechlorination Pathways  

For meta dechlorination pathways, there are two forms of single flanked meta dechlorination. 

The ortho flanked meta dechlorination pathways is the most common dechlorination method 

among PCB congeners. Although the ortho flanked meta dechlorination processes appear in 

every homolog groups, it mostly occurs in Tetrachlorobiphenyl, Pentachlorobiphenyl, and 

Hexachlorobiphenyl congeners. Similarly, the relationship between homolog groups and meta 

dechlorination preference is the same as para dechlorination. The double flanked meta is often 
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observed in high chlorine homolog groups; para flanked meta and ortho flanked meta occur 

commonly in medium chlorine homolog groups; unflanked meta dechlorination appears more 

frequently in low chlorine homolog groups.   

7.3. Cross-Validation for Optimal Dechlorination Rule Selection 

Mote Carlo cross-validation method is used to figure out the optimal dechlorination rules. We 

use two rule systems to define the dechlorination category. The first classification method splits 

the PCB dechlorination pathways based on the reactive chlorophenyl groups, which can be used 

as a background rule or blank. The second categorization approach is based on the previous 

study on PCB structures. Nine general classes are divided based on the position of the removal 

chlorine (para, meta, ortho) and its flanked structure (unflanked, single flanked, double flanked). 

100,000 training cycles give a list of different dechlorination rule combinations for each 

classification method, and each rule combination is tested for prediction performance. If the 

second classification method is statistically better than the reference test during training test, we 

can confirm that the current empirical rules are robust and could be used as bio-selectivity 

principles for PCB dechlorination modeling. 

7.3.1. Reactive Chlorophenyl Group Rules (RCGR) 

The reactive chlorophenyl group rules (RCGR) separates the rubrics based on each PCB 

dechlorination group. The RCGR dechlorination preferences distribution based on training 

process are listed in figure 7.4. The more a rule is selected during one training process, the 
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brighter of the bar would be in the graph. The frequency chart of RCGR does not provide 

significant trends since the top 5 selections are entirely different compared to each other, and 

they are not significant enough to outstanding from other combinations. As a result, the RCGR 

method is not suitable to determine the optimum dechlorination rules all by its own. 

 

Figure 7.4. RCGR Rule Preference Distribution over 100,000 Training Cycles  
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7.3.2. General Nine Class Rules (GNCR) 

 

Figure 7.5. GNCR Rule Preference Distribution over 100,000 Training Cycles 

On the other hand, the general nine class rules could provide many clear trends on categorizing 

the PCB dechlorination preference. The GNCR dechlorination preference distribution based on 

training process are listed in figure 7.5. The X-axis represents the total predicted dechlorination 

pathways under selected rules; Y-axis represents the testing group (n=81) hits under current 

prediction rules. The vertical axis (Z) means the frequency of a specific rule is selected by the 

system from the entire 100,000 tests. The higher frequency a rule is selected during one training 

process, the brighter of the bar would be in the graph.  
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Figure 7.6. The Relationship between RCGR Rules and GNCR Rules 

Significant preferences are observed for rule combinations. The top 5 rules (sum up to 51% of 

the total processes) based on the training process are quite similar with little differences in rule 

selection. All of them shares approximately 35 out of the entire 90 dechlorination rules. In these 

rule selections, the prediction accuracy is from 97.5% to 100% with some 387~392 potential 

dechlorination pathways, depending on the testing group selections. If no additional restriction 

exists, the rules listed in table 7.1 would be the best training results based on current observations. 

Current eight processes rules under the same circumstances provide prediction accuracy between 

88.1% and 92.3%, depending on the reactive chlorophenyl groups included in the study. The 

GNCR rule provides more accurate predictions than the general eight processes rules. 

However, the improvement in prediction performance of the new rules also leads to a more 

extensive dechlorination pathway index compare to the old method. Under the eight processes 

rules, the total number of predicted dechlorination pathways is 330. The prediction index in 
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GNCR rules increases significantly by 17.2%. Blind increase in pathway index reduces the 

efficiency of the rules and generates extra difficulties in PCB dechlorination study. As a result, 

further analysis is provided by introducing other principles as an assist to reduce the current 

prediction index. 

Table 7.1. Most Frequent Trained Rules under Current Observation 

No. 
Dechlorination 

location 
Flanked situation Arrangement form Homolog Group 

1 

para 

unflanked para X010X - 2, 3, 4, 5 

2 single flanked para X110X X011X 3, 4, 5, 6, 7 

3 doubly flanked para X111X - 5, 6, 7, 8 

4 

meta 

unflanked meta 010XX XX010 2, 3, 4 

5 para flanked meta 011XX XX110 3, 4, 5, 6, 7 

6 ortho flanked meta 110XX XX011 2, 3, 4, 5, 6, 7, 8 

7 doubly flanked meta 111XX XX111 3, 4, 5, 6, 7, 8 

8 
ortho 

unflanked ortho 10XXX XXX01 8 

9 single flanked ortho 11XXX XXX11 - 
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8. Conclusion 

The statistical analysis indicates that the empirical rules contain significant bio-selectivity 

features. Even without any thermodynamic principles, the current simulation can provide a clear 

framework to distinguish PCB dechlorination preference among different categories. However, it 

is also important to admit that the current selection methods do not include a mechanism to 

reflect the impacts of environmental conditions and dechlorination mechanisms, as well as the 

quantitative determination on the order of reaction occurring, when applying on specific PCB 

dechlorination scenario. Recent studies have shown that PCB dechlorination preference is 

closely related to temperature, microorganism type, pH, and other environmental conditions. 

Thus, further updates and new principles on PCB dechlorination predictions should be added for 

a predictive modeling process.  
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Part 3: Using reduction potential and bio-selectivity to simulate PCB 

dechlorination process in anaerobic environment 

This study tries to find a possible approach to reappear PCBs dechlorination processes. As a 

biochemical process, PCB dechlorination not only follows the bio-selectivity principle but also 

obey the thermodynamic rules in chemistry. Our study shows that a combination of redox 

potential and bio-selectivity is one of the possible approaches to explain PCBs dechlorination 

preferences. By estimating the Gibbs free energies through quantum chemistry theories, we 

evaluate the redox potentials of all PCB dechlorination processes based on the Gibbs free energy 

and environmental factors, which provide quantitative evidence for pathway selection. A 

simulation model is created, and the Markov Chain method is applied to provide continuous 

tracking of the redox potential changes. With proper setup, the dechlorination model can 

reproduce most of the PCB dechlorination observations from several published reports. 
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9. Issues and Motivation 

9.1. Synchronization Issues in PCB Dechlorination Model Design 

To better understand PCB dechlorination in practice, researchers and scientists must deal with 

the synchronization issues of multiple PCB congeners. Although the empirical rules regulate the 

bio-selectivity for specific microorganism features, it is rather difficult to mathematically 

simulate PCB dechlorination behavior and congener distribution under specific isomer 

combination and environmental conditions, since the empirical regulations cannot distinguish 

reaction priorities among similar dechlorination pathways through quantitative comparison. The 

current lab experiments have encountered considerable difficulties in separating and categorizing 

the microorganisms related to PCB dechlorination process due to a list of technical limitations. 

As a result, we decide to circumvent the experimental approaches and look for theoretical 

explanations. 

9.2. Redox Potential & Gibbs Free Energy 

Redox potential is one of the conventional methods to describe the thermodynamic feasibility of 

a redox reaction. In 1993, research published by Dolfing pointed out that the redox potential can 

bu used as a parameter to predict the degradation pathway of chlorinated benzenes, which 

belongs to the general category of microbial reductive dehalogenaion, in ananerobic 

environments (Dofing and Harrizon 1993; Mohn and Tiedje, 1992). Although the redox potential 

cannot be used to estimate the chemical reaction rate directly, it can be used as a quantitative 
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indicator to measure the thermodynamic feasibility of PCB dechlorination preference. The redox 

potential is usually assessed through laboratory tests. However, it is difficult to directly measure 

redox potentials of multiple PCB congeners participating in the mechanical complexity of 

dechlorination reactions (Ho et al. 2015).  

As an alternative, we estimate the Gibbs free energy through the thermodynamicc procedure. 

Thermodynamicc principles have been applied to metabiolism related study since 1930, in an 

attempt to characterize the role of adenosine triphosphate (ATP) in organisms (Lipmann 1941). 

From then, the thermodynamic theory has been widely adopted in studying biological reactions 

and their reacting agents (Alberty 1968; Alberty 1969; Goldberg 1975; Tewari and Goldberg 

1991; Alberty and Goldberg 1992; Alberty 2002; Goldberg et al. 2002; Held and Sadowski 2016). 

The key thermodynamic quantity is the Gibbs free energy of reaction, which can be used to 

estimate the redox potential of a reduction-oxidation reaction, such as PCB dechlorination. 

9.3. Quantum Chemistry 

The Gibbs free energy of a given chemical can be calculated through quantum chemistry theory. 

Quantum chemistry is a brand of computational chemistry which uses computational models to 

solve the Schrödinger equation for molecular structure analysis, electronic density, orbit 

distribution, energy content, and so on. In recent years, the development of computational 

methods and computer technology have become so advanced that it can provide accurate 

calculations of thermodynamic quantities for compounds with sophisticated molecule structures 
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(Szabo & Ostlund 2012). However, the accuracy of the theoretical prediction depends on the 

estimation of the molecular potential energy surface. For complicated molecule structures, the 

computation cost of accurate description of their molecular potential energy surface is too high. 

Thus some degree of simplification is necessary, and errors are inevitable during the process (Ho 

et al. 2015).  
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10. Model Design & Data Collection 

10.1. Estimate Redox Potential of PCB Dechlorination Half-Reaction 

According to quantum chemistry, the Gibbs free energy of a given chemical is calculated by 

finding a proper expression to describe the molecule potential energy (Miertus ̃and Tomasi 1982). 

The Density Functional Theory (DFT) is one of the most widely applied methods (Kohn and 

Sham 1965; Parr et al 1979; Car and Parrinello 1985; Scott and Radom 1996; Orio et al. 2009). 

DFT uses electron density to calculate the molecular structure and orbit distribution. With proper 

basis sets, DFT method could provide relatively accurate estimations of molecular potential 

energy without expensive computation cost (Barone and Cossi 1998). However, the DFT method 

is not an appropriate solution to directly simulate reaction process, since the fundamental 

principles of DFT cannot describe the intermolecular interactions (Assadi & Hanaor 2013). Thus, 

we use the DFT to evaluate the energy levels of PCB congeners and calculate the Gibbs free 

energy for each dechlorination reaction indirectly.  

The sequence of redox reactions in microorganisms follow the electron affinity of the electron 

acceptors present and can be understood by looking at the redox potentials of the appropriate 

half-reaction (Zehnder 1988). The half-reaction of the PCB dechlorination could be written in the 

following form: 

PCB(𝐶12𝐻10−𝑛𝐶𝑙𝑛)(𝑎𝑞) + 𝐻2𝑂(𝑙) + 𝐻+(𝑎𝑞) + 2𝑒−(𝑔)

→ PCB(𝐶12𝐻11−𝑛𝐶𝑙𝑛−1)(𝑎𝑞) + [𝐶𝑙(𝐻2𝑂)]−(𝑎𝑞) … … (81) 
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Since the PCB dechlorination reaction is believed to occur with anaerobic microorganisms, and 

the reaction is thought to process in the aquatic environment. Thus, the solvent effects should be 

taken into consideration (Mennucci et al. 1997; Barone and Cossi 1998). Gaussian 09 software 

provides the option to quantify the impacts of redox potential shifts with different solvent 

appearance. We select the SMD model and choose water solvent as reaction background to 

simulate the PCB dechlorination in the environment (Marenich et al. 2009a; Marenich et al. 

2009b). However, the SMD solvent model is designed as a discrete-continuum model, and it is 

likely to neglect the first-solvent shell interaction of species with regions of concentrated charges 

(Kelly et al. 2006). As a result, it has been parameterized to reproduce the experimental aqueous 

solvation free energy of the [𝐶𝑙(𝐻2𝑂)]− instead of bare 𝐶𝑙−.  

The standard redox potential estimation could be expressed as: 

𝐸0 = −
∆𝐺Θ

𝑛𝐹
… … … … … … … (82) 

Where 𝐸0 is the absolute standard electrode potential (1.0 𝑎𝑡𝑚, 25℃, 𝑎𝑂𝑥 𝑎𝑅𝑒𝑑⁄ = 1); F is the 

Faraday constant (96485 𝐶/𝑚𝑜𝑙); ∆𝐺Θ represents the absolute standard Gibbs free energy 

change of PCB dechlorination half-reaction (81); n is the number of electron transfer through the 

half reaction. The actual redox potential is then calculated through formula (83): 

𝐸 = 𝐸0 +
𝑅𝑇

𝐹
𝑙𝑛 (

𝑎𝑂𝑥

𝑎𝑅𝑒𝑑
) − 𝐸𝑆𝐻𝐸 … … … … … … … (83) 

Where R represents the ideal gas constant; T is the environmental temperature (K); 𝑎𝑂𝑥 and 
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𝑎𝑅𝑒𝑑 is concentration related coefficients of oxidants and reductants of the half reaction; 𝐸𝑆𝐻𝐸  

represents the standard hydrogen electrode potential, which has been assigned a potential zero in 

experimental measurements. Since 𝐸0 is the absolute standard redox potential, it needs to 

calibrate with 𝐸𝑆𝐻𝐸  before comparing to the experimental measurements (relative value). As 

shown in formula (83), the redox potential would vary due to the concentration changes of both 

the reactants and products. Since each PCB congener may have multiple potential dechlorination 

pathways, redox potential can help us to determine which pathway shows the highest 

thermodynamic feasibility. 

10.2. Model Assumptions and mechanisms 

To configure the new model mechanism, we need to understand the limitations and boundaries of 

PCBs dechlorination: compound structure, PCB mixture combination, dechlorination preference, 

microorganism selectivity, and environmental conditions. As a result, we defined several 

regulations based on the study on PCB dechlorination features. 

First, the PCB congener structure provides the fundamental limitation for pathway availability. A 

total of 840 possible dechlorination pathways exist among all PCB congeners (figure 1) if only 

the chemical structure is considered (Karcher 2007; Hughes et al. 2010). For example, double 

flanked para and double flanked meta are the most common dechlorination processes in 

Heptachlorobiphenyl (PCB-170~PCB193) groups. However, PCB-187 only dechlorides through 

single flanked para and single flanked meta (ortho or para flanked), since no double flanked 
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structure exists in PCB-187. 

The second limitation comes from the bio-selectivity (Table 3). Although the empirical rules 

cannot provide mathematical relationship among different dechlorination pathways, it does 

represent the general biological preferences of PCB dechlorination pathway selections among the 

various microorganisms. In most in-situ investigations and lab tests, meta and para 

dechlorination are frequently observed (Bedard et al. 1996; Bedard 2001; Hughes et al. 2010). In 

contrast, only a limited number of studies have reported the occurrence of ortho dechlorination, 

and most of which are site-specific with specific environmental conditions (Wu et al. 1997). 

Moreover, the bio-selectivity also appears on preference of specific chlorine content ranges. 

Most of the PCB dechlorination reactions occur between homolog group 3-9 (Imamoglu et al. 

2002; Fagervold et al. 2007; Demirtepe et al. 2015). In the new model, bio-selectivity is realized 

by blocking certain types of dechlorination pathways or homolog groups, adding restrictions for 

pathway access. There is a total of ninety independent switches to create various of 

bio-selectivity scenarios.  

The third regulation comes from the redox potential. The dechlorination pathway is selected 

when it fulfills two requirements: the reactant availability and the highest redox potential 

appearance under current environmental conditions. Since the redox potentials of each PCB 

congener change as the concentration varies, we introduce the Markov Chain method to realize a 

sequential simulation. Since dramatic redox potential shift would disrupt the current redox 
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potential status, the program only allows a small amount of selected PCB mass transfer and 

reevaluate the redox potential shifts through the entire system each time, making sure the chosen 

dechlorination pathway always satisfies the requirements. The whole process terminates when a 

specific redox potential level is reached in the system. Notice that the simulation is time 

irrelevant since the redox potential cannot be used to estimate chemical reaction rate. 

10.3. Markov Chain PCB Dechlorination Model  

The new model approach is a natural extension to the work of Dolfing, and it involves a full 

implementation of multiple-step pathways. Although Dolfing uses a small molecule, chlorine 

benzene, with a simple reaction network, the use of redox potential to estimate anaerobic 

dechlorination seemed to work well. In our study, we create a series of “states” from the 

beginning of the dechlorination process to the end of their products, where each state contains a 

set of all PCB concentrations. Since the congener concentration distribution in subsequent states 

is established using only information from the previous state, it forms a Markov-Chain.  

The simulation begins with the existing dechlorination pathway category. A total of 840 possible 

dechlorination pathways exist among all PCB congeners (figure 1) if only the chemical structure 

is considered (Karcher 2007; Hughes et al. 2010). The program then chooses the proper 

bio-selectivity for the simulation (Table 3). The bio-selectivity is either determined by the 

empirical rules among various microorganisms or selected by known studies of the targeted 

environment.  
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Figure 10.1. PCB dechlorination model design 

After blocking the unused pathways, the program establishes multi-step bridges based on the 

existing one-step dechlorination pathways. This operation is processed based on the following 

assumption: some PCB congeners might react quickly as intermediate products and disappear in 

the final products. Since lacking information of those intermedia states in most observations, we 

introduce bridges to connect reactants to possible products through available one-step pathways 

and to avoid unintentional blocks. The redox potential of multiple-steps (bridges) is expressed in 

formula (84): 
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𝐸 = −
∑ ∆𝐺Θ

𝑖
𝑚
𝑖=1

𝑛𝑚𝐹
+

𝑅𝑇

𝑛𝑚𝐹
𝑙𝑛

([[𝐶𝑙(𝐻2𝑂)]−]𝑚[𝑃𝐶𝐵ℎ−𝑚])

([𝐻+]𝑚 [𝑃𝐶𝐵ℎ]) 
… … … … … … … … (84) 

Where 𝑚 is the step numbers; F is the Faraday constant (96485 𝐶/𝑚𝑜𝑙); ∆𝐺Θ represents the 

absolute standard Gibbs free energy change of PCB dechlorination half-reaction from the 

reactant to product; n is the number of electron transfer through the half-reaction; h represents 

the homolog group number of the PCB reactant. 

In each cycle, the model calculates the redox potential of the established dechlorination pathways 

to evaluate the primary driving force and determine the PCB mass transfer at the current step. 

The dechlorination pathway/bridge is selected when it fulfills two requirements: the reactant is 

available for mass transfer and is the highest redox potential appearing under current 

environmental conditions. Since the concentration distribution of PCB congeners change as the 

dechlorination process continues and the current redox potential distribution only depends on the 

previous steps, a Markov Chain is formed to realize a sequential simulation. To prevent 

disruption caused by dramatic mass shifts during simulation, a small amount of selected PCB 

reactant is allowed to transfer through the chosen pathway in each step, making sure the chosen 

dechlorination pathway always satisfies the requirements. The whole process terminates when a 

specific redox potential level is achieved in the system, or no PCB reactant is available through 

the system. Notice that the simulation is time irrelevant since the redox potential cannot be used 

to estimate chemical reaction rate. 
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10.4. Model Performance Evaluation 

To evaluate the model performance, we select three PCB dechlorination observations from 

published literature. The first dataset comes from Demirtepe which is a typical PCB 

dechlorination test under lab conditions (Demirtepe et al. 2015). The second dataset is produced 

by Bedard. In this simulation, the PCB dechlorination is primed by 23456-CB and the flanked 

meta and unflanked para pathways are significant reinforced (Bedard et al. 1997). The last data 

source was generated by Van Dort in 1997. According to the literature, the dechlorination test is 

also primed by 23456-CB. The final product indicates a reinforcement on flanked meta pathways 

(Van Dort et al. 1997).  

All three tests utilize Aroclor mixtures as the dechlorination source. The sole Aroclor 1260 is 

used in Van Dort and Demirtepe tests, and a combination of Aroclor 1248, 1256, & 1260 is used 

in Bedard experiment. All three studies provide detailed PCB congener distribution of both 

reactants and products. Moreover, the standard Gibbs free energy calculation is performed by 

Gaussian 09 software with Ampac 10.1 GUI software. In this article, we selected DFT method 

with 6-31+G(d) basis sets for the calculation. The solvent effect is realized through SMD model 

with the water solvent. The redox potential calculation and PCB dechlorination simulation are 

programmed and performed in MATLAB (ver. 2016b) software. The original code is available 

online.  
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11. Results & Discussions 

11.1. The Fundamental Effects of Redox Potential 

The redox potential not only assists in determining the pathway selection of each PCB congener 

but also act as a mathematical indicator and guidance on dechlorination orders among different 

PCB congeners. According to the step tracking of dechlorination pathway selection records, the 

program selects dominant high chlorinated PCB congeners with double flanked structures as the 

beginner, which usually carry the highest redox potential in the system. For these congeners, they 

typically have several available dechlorination options (after bio-selectivity filter), and the 

program selects the highest redox potential pathway to process the dechlorination mass transfer. 

The reactant concentration drops as well as their redox potentials. During this process, the 

product congeners gain their mass and rise the redox potential. Once the redox potential of these 

product congeners exceeds the current redox potential or the previous reactants consume all their 

load, the next congener would be selected to continue the reaction.  

The bio-selectivity provides another critical factor in dechlorination pathway selection. For 

example, Bedard et al. experiment on Aroclor mixtures perform a priming process to reinforce 

the specific dechlorination pathways (Van Dort et al. 1997). Due to the availability of 2345-CB, 

the population of microorganisms which join the dechlorination process of PCB- are 

significantly increased and become the dominant groups in the system. As a result, the 

dechlorination rules are reshaped, and most of the PCB mixtures perform the flanked meta and 
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unflanked para dechlorination based on monitoring results of the 2345-CB products. To test the 

importance of bio-selectivity, we use other combinations of PCB dechlorination categories to 

perform the same Aroclor mixtures, and none of them would reproduce a product set similarly to 

the observation. As a result, the bio-selectivity is necessary for PCB dechlorination modeling, 

and it cannot be neglected even if the redox potential is applied in the system. 

 

Figure 11.1. Comparison between parallel dropping vs. free dropping (black curve) 
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Figure 11.2. Parallel dropping vs. free dropping (black curve, PCB-172) 

For any given PCB congener, the redox potential gaps among multiple dechlorination pathways 

provide the fundamental principle for final dechlorination product allocation. According to 

formula (83), the concentration ratio between products and reactants is the primary way to alter 

the gaps in each dechlorination pathways. To further discuss this issue, we begin with the 

situation where PCB dechlorination with only one path is allowed. If PCB congener is 

dechlorinated through only one pathway each time (using bio-selection, such as microorganism 

species, temperature, pH, and so on) and the PCB congener is assumed 100% with no product 

pre-existed in the system, each dechlorination curve will be parallel to each other along the redox 

potential drop. Figure 11.1 (colored curves) is an example using PCB-194 dechlorination drops, 

the standard redox potential for all dechlorination pathways are listed in table 10.1. PCB-194 has 
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four potential dechlorination pathways with different redox potentials. The model is settled for 

simultaneous free dropping test. All four pathways are available during the simulation without restriction. 

Table 11.1 PCB-194 dechlorination simulation with final products allocation  

Reactant Product 
Standard Redox 

Potential (mV) 

Accumulated Product 

Allocation (%) 

PCB-194 PCB-170 469 0.40% 

PCB-194 PCB-172 531 50.2% 

PCB-194 PCB-180 529 43.6% 

PCB-194 PCB-189 503 5.85% 

In a practical case, all potential products share the same source. If the dechlorination pathway is 

only determined by the redox potential and the anaerobic organisms can dechlorinate all possible 

products at the same rate, then the dechlorination vs. redox potential could be plotted in figure 

11.1 (black curve). If no restriction on pathway selection, the PCB congener can dechlorinate 

faster than any single pathway. Moreover, the dropping process will be further speed up if two or 

more dechlorination pathways exist in high redox potential category. Because the existence of 

the alternative routes could reduce the “dechlorination drag” formed by the increment of product 

concentration, which reduces the redox potential of current dechlorination reactions.  

In free dropping simulation, we also measure the proportion of PCB dechlorinated products and 

compare them to the standard redox potential differences. Table 11.1 is an example of 

dechlorination simulation based on redox potential drop, and the allocation of each product 

corresponds to the redox potential differences under standard condition. The conclusion is 
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obvious: the highest redox potential pathway gain, the most likely that pathway would generate a 

more dechlorinated product. In the meantime, the outcome of other routes depends on the redox 

potential differences with the highest redox potential pathway. As an efficient alternative 

dechlorination pathway, the redox potential gaps between the alternative pathway and primary 

pathway should be as small as possible.  

Furthermore, since PCB pollution is released to the environment as commercial mixtures, the 

initial input of PCBs may already have some potential products existed in the system. Based on 

the redox potential formula, the concentration of reactants and products will affect the actual 

redox potential in the system, and it would reduce the redox potential of dechlorination 

specifically for that pathway. To show the case, we reconfigured the scenario with 1.0 nmol of 

PCB-172 pre-existed in the system, and the redox potential drops for all four possible 

dechlorination pathways are recalculated. The results are shown in figure 11.2. Notice that the 

PCB-172 redox potential dropping curve under pre-existed products is an actual part of the 

original curve. As a result, some of the dechlorination pathways may never occur at all in 

mixture dechlorination simulations due to low redox potential dropping curve, unless the bio 

selectivity can prevent most of the higher redox potential pathways. 

11.2. Redox Potential vs. Empirical Rules 

We evaluate the similarity between empirical regulations and redox potential on PCB 

dechlorination pathway preference. The empirical rules are created based on observations, and it 
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includes both the bio-selectivity and thermodynamic feasibility. In contrast, the redox potential 

only reflects the thermodynamic feasibility of each dechlorination pathways, and the 

bio-selectivity is identified separately as another factor in model simulation. In figure 10.6, we 

calculate the redox potentials of all 840 dechlorination pathways and classifies the results based 

on empirical rules. The standard condition is defined as T = 25℃, pH =  7.0, and [a𝑂𝑋/

a𝑅𝐸𝐷] = 1. The redox potential is calculated based on the PCB dechlorination half reaction (81) 

and formula (82). The results are then categorized based on the empirical rule classification. 

Moreover, we also divide all dechlorination pathways based on homolog groups. If no human 

factor or lab adjustment (e.g., priming procedure) involves during the process, the trends of the 

thermodynamic feasibility of the dechlorination pathways are matched with the empirical rules 

except for both ortho dechlorination groups. According to the empirical rules, ortho 

dechlorination is the least observed reactions under natural conditions, although the 

thermodynamic feasibility of both categories is not among the lowest. If the calculation is correct, 

the rare occurrence of ortho dechlorination may be explained by the bio-selectivity in natural 

conditions.  

The highest similarity between observation and simulation when the redox potential reaches 330 

mV ~ 350 mV in the system. According to the redox potential status, the PCB dechlorination 

terminates at tri- & tetra- homolog groups and most mono-, di-, tri- homolog group congeners 

cannot process, which matches the conclusion in empirical rules. Most of the dechlorination 
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reactions occur with homolog group 3~9 (PCB-209 is not a typical product in commercial 

Aroclor mixtures) (Hughes et al. 2010; Kuipers et al. 1999). Notice that the summary of redox 

potential does not exclude lower redox potential pathways in each homolog groups, which could 

explain the lower boundaries of redox potential in each category. 

 

Figure 11.3. Gibbs Free Energy of 840 PCB dechlorination under Standard Condition 

11.3. PCB Dechlorination Simulation 

The simulation tests prove the capability of redox potential on tracking and predicting the PCB 

dechlorination under specific bio-selectivity situations. The summarize of all three simulations 

are listed in figure 11.4 to figure 11.6. Among all three figures, figure (a) represents the original 
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PCBs distribution & observed post-dechlorinated PCB mixtures; figure (b) and figure (c) show 

different bio-selectivity scenarios. Each figure set includes two figures: the difference 

comparison between simulation and observation, and the congener distribution when the 

prediction and observation are the closest. If the correct bio-selectivity (e.g., priming on 

microorganism species) is chosen, the model should produce a dechlorination mixture very much 

like the observation. All dechlorination simulation show a termination point between 330 mV 

and 350 mV, where the observations and simulations of post-dechlorinated PCB mixture have the 

highest similarity (8.5%~15%).  

Two reasons can explain those prediction errors. First, PCB redox potential is calculated rather 

than directly measured, and the DFT method and 6-31+G(d) basis set sacrifices some level of 

accuracy to achieve computability. Since the influences of computational compromise are most 

likely uneven among different PCB congeners, the calculated redox potentials may change the 

status of each dechlorination pathways, and cause errors on the dechlorination pathway 

determination (Ho et al. 2015). Furthermore, due to the limitation of gas chromatography 

techniques, the analytical result of PCB mixture includes some small unseparated PCB congener 

groups (up to four PCB congeners). Under current technology, we can only distinguish the 

components of these mixtures based on the overall component record of similar products, which 

generate significant errors during dechlorination simulation. Because the combination of PCB 

mixtures is critical for the modeling program to establish initial status of PCB congeners. 
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Figure 11.4a. Original PCBs Distribution & Observed Post-Dechlorinated Products (%mol, Bedard 1997)   
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Figure 11.4b. Simulated Dechlorinated Product Difference & Simulated PCBs Distribution (%mol, meta priming, Bedard 1997) 
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Figure 11.4c. Simulated Dechlorinated Product Difference & Simulated PCBs Distribution (%mol, no priming, Bedard 1997) 
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Figure 11.5a. Original PCBs Distribution & Observed Post-Dechlorinated Products (%mol, Demirtepe 2015) 
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Figure 11.5b. Simulated Dechlorinated Product Difference & Simulated PCBs Distribution (%mol, no priming, Demirtepe 2015) 
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Figure 11.6a. Original PCBs Distribution & Observed Post-Dechlorinated Products (%mol, Van Dort 1997) 
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Figure 11.6b. Simulated Dechlorinated Product Difference & Simulated PCBs Distribution (%mol, meta priming, Van Dort 1997) 
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Figure 11.6c. Simulated Dechlorinated Product Difference & Simulated PCBs Distribution (%mol, no priming, Van Dort 1997) 
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12. Conclusion 

The combination of redox potential and bio-selectivity is a better alternative to quantify the PCB 

dechlorination process compare to empirical rules. The redox potential provides a quantitative 

indicator to determine the PCB dechlorination pathway. Our simulation on three published 

literature has proven the potentials of redox potential as a useful tool to simulation the PCB 

dechlorination process and predict the outcomes if the bio-selectivity of the system is well 

known. On the other side, we can also use the comparison between different prediction results 

under the same initial PCB inputs to conjecture the bio-selectivity of the environment.  

Understanding the mechanism and preference of PCB dechlorination pathway selection and the 

partition will help us explore the patterns and regulations of the PCBs dechlorination behaviors 

on a mathematical level, improve the understanding on PCB degradation and transformation, and 

optimize the prediction on PCB toxicity during in-situ remediation in the environment (Sowers 

and May 2013; Van den Berg et al. 2006).   
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Appendix A: Original Results and Datasets 

Table A.1. The mass flows of selected PCB congeners under steady state (high biomass) 

PCB-18     

(mg/day) 
Air Water Sediment 

Low 

Trophic 

Level 

High 

Trophic 

Level 

Beyond 

System 
Net Loss 

Air 6.63E+04 1.36E+06 - - - 9.08E+02 1.42E+06 

Water 8.75E+05 2.56E+06 3.57E+05 4.49E+06 5.38E+02 1.05E+05 8.39E+06 

Sediment - 4.51E+05 2.97E+02 1.51E+06 - 1.39E+03 1.96E+06 

Low Trophic Level - 4.40E+06 1.60E+06 1.43E+03 7.71E+02 - 6.00E+06 

High Trophic Level - 9.39E+02 2.50E+02 - 1.20E+02 - 1.31E+03 

Beyond System 5.48E+05 2.19E+06 - - - - 2.74E+06 

Net Gain 1.42E+06 8.39E+06 1.96E+06 6.00E+06 1.31E+03 2.74E+06 - 

PCB-153   

(mg/day) 
Air Water Sediment 

Low 

Trophic 

Level 

High 

Trophic 

Level 

Beyond 

System 
Net Loss 

Air 1.83E+03 3.42E+06 - - - 1.80E+03 3.43E+06 

Water 2.88E+06 1.16E+05 3.30E+06 2.05E+07 2.00E+03 3.92E+05 2.72E+07 

Sediment - 8.22E+06 5.57E+04 2.85E+07 - 1.66E+06 3.84E+07 

Low Trophic Level - 1.33E+07 3.51E+07 4.86E+05 1.13E+05 - 4.89E+07 

High Trophic Level - 4.34E+04 4.12E+04 - 3.01E+04 - 1.15E+05 

Outside 5.48E+05 2.19E+06 - - - - 2.74E+06 

Net Gain 3.43E+06 2.72E+07 3.84E+07 4.89E+07 1.15E+05 2.74E+06 - 

PCB-194   

(mg/day) 
Air Water Sediment 

Low 

Trophic 

Level 

High 

Trophic 

Level 

Beyond 

System 
Net Loss 

Air 2.31E+02 1.32E+06 - - - 4.57E+02 1.32E+06 

Water 7.75E+05 4.73E+04 3.27E+06 1.63E+07 1.59E+03 3.12E+05 2.07E+07 

Sediment - 7.07E+06 3.15E+04 2.38E+07 - 1.88E+06 3.28E+07 

Low Trophic Level - 1.01E+07 2.95E+07 4.48E+05 8.54E+04 - 4.01E+07 

High Trophic Level - 3.17E+04 3.04E+04 - 2.48E+04 - 8.70E+04 

Beyond System 5.48E+05 2.19E+06 - - - - 2.74E+06 

Net Gain 1.32E+06 2.07E+07 3.28E+07 4.01E+07 8.70E+04 2.74E+06 - 

The flow direction is from the left side to the top. The green color represents an exchange value 

between the two compartments, while the red color means self-elimination. The eight biotic 

compartments are compressed into two general groups: the low trophic levels (Plankton, Mysid, 

Pontoporeia, and Oligochaete) and high trophic levels (Sculpin, Alewife, Smelt, and Samonid).  
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Table A.2. The mass flows of selected PCB congeners under steady state (low biomass) 

PCB-18 Air Water Sediment 

Low 

Trophic 

Levels 

High 

Trophic 

Levels 

Outside Net Loss 

Air 6.63E+04 1.36E+06 - - - 9.08E+02 1.42E+06 

Water 8.76E+05 2.57E+06 3.57E+05 4.50E+03 5.40E-01 1.05E+05 3.91E+06 

Sediment - 3.56E+05 2.35E+02 1.19E+03 - 1.10E+03 3.59E+05 

Low Trophic Levels - 4.40E+03 1.29E+03 9.18E-02 7.06E-01 - 5.69E+03 

High Trophic Levels - 9.83E-01 2.51E-01 - 1.28E-02 - 1.25E+00 

Outside 5.48E+05 2.19E+06 - - - - 2.74E+06 

Net Gain 1.42E+06 3.91E+06 3.59E+05 5.69E+03 1.25E+00 2.74E+06 - 

PCB-153 Air Water Sediment 

Low 

Trophic 

Levels 

High 

Trophic 

Levels 

Beyond 

System 
Net Loss 

Air 4.19E+03 7.83E+06 - - - 4.13E+03 7.84E+06 

Water 7.30E+06 2.94E+05 8.35E+06 5.19E+04 5.09E+00 9.94E+05 1.70E+07 

Sediment - 6.93E+06 4.69E+04 2.40E+04 - 1.40E+06 8.40E+06 

Low Trophic Levels - 3.28E+04 4.29E+04 4.06E+01 1.22E+02 - 7.59E+04 

High Trophic Levels - 6.29E+01 5.95E+01 - 4.59E+00 - 1.27E+02 

Outside 5.48E+05 2.19E+06 - - - - 2.74E+06 

Net Gain 7.84E+06 1.70E+07 8.40E+06 7.59E+04 1.27E+02 2.74E+06 - 

PCB-194 Air Water Sediment 

Low 

Trophic 

Levels 

High 

Trophic 

Levels 

Beyond 

System 
Net Loss 

Air 4.48E+02 2.56E+06 - - - 8.83E+02 2.56E+06 

Water 2.01E+06 1.23E+05 8.49E+06 4.22E+04 4.14E+00 8.09E+05 1.15E+07 

Sediment - 6.70E+06 2.99E+04 2.25E+04 - 1.78E+06 8.53E+06 

Low Trophic Levels - 2.55E+04 3.91E+04 4.20E+01 9.93E+01 - 6.48E+04 

High Trophic Levels - 5.08E+01 4.86E+01 - 4.11E+00 - 1.03E+02 

Beyond System 5.48E+05 2.19E+06 - - - - 2.74E+06 

Net Gain 2.56E+06 1.15E+07 8.53E+06 6.48E+04 1.03E+02 2.74E+06 - 

The flow direction is from the left side to the top. The green color represents an exchange value 

between the two compartments, while the red color means self-elimination. The eight biotic 

compartments are compressed into two general groups: the low trophic levels (Plankton, Mysid, 

Pontoporeia, and Oligochaete) and high trophic levels (Sculpin, Alewife, Smelt, and Samonid).  
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Table A.3. PCB-18 Mass flow details under steady state with high biomass density 

PCB 18 Flow Chart (mg/day) 

Sign Name Unit 
Environment Compartments Biotic Compartments 

Air Water Sediment Plankton Mysid Pontoporeia Oligochaete Sculpin Alewife Smelt Salmonid 

1 
Advection 

Input 

Amount  5.48E+05 2.19E+06 - - - - - - - - - 

Percentage 38.49% 26.09% - - - - - - - - - 

2 
Food 

Ingestion 

Amount  - - -8.53E+03 0.00E+00 1.13E+04 5.68E+03 2.85E+03 9.50E+00 7.34E+02 5.62E+01 3.49E+00 

Percentage - - -0.43% 0.00% 18.31% 0.45% 1.13% 51.92% 59.52% 63.93% 88.60% 

3 Gill uptake 
Amount  - -4.50E+06 -1.50E+06 4.44E+06 5.04E+04 1.25E+06 2.50E+05 8.80E+00 4.99E+02 3.17E+01 4.49E-01 

Percentage - -53.53% -76.48% 100.00% 81.69% 99.55% 98.87% 48.08% 40.48% 36.07% 11.40% 

4 
Reaction/ 

Metabolism 

Amount  -6.63E+04 -2.57E+06 -2.98E+02 -3.30E+00 -7.00E+00 -7.74E+01 -2.61E+01 -1.27E-01 -1.27E+01 -4.69E-01 -1.99E-01 

Percentage -4.66% -30.54% -0.02% 0.00% -0.01% -0.01% -0.01% -0.69% -1.03% -0.53% -5.06% 

5 
Death Loss 

(All) 

Amount  - 9.42E+04 1.28E+05 -1.83E+05 -5.76E+03 -2.75E+04 -6.40E+03 -2.39E+00 -1.96E+02 -7.21E+00 -1.37E+00 

Percentage - 1.12% 6.52% -4.11% -9.34% -2.19% -2.53% -13.03% -15.87% -8.20% -34.88% 

6 Gill release 
Amount  - 4.30E+06 1.46E+06 -4.25E+06 -5.09E+04 -1.22E+06 -2.45E+05 -9.92E+00 -7.02E+02 -5.77E+01 -1.06E+00 

Percentage - 51.17% 74.48% -95.54% -82.49% -96.78% -97.08% -54.22% -56.99% -65.66% -26.96% 

7 Egestion 
Amount  - 2.10E+03 4.95E+03 0.00E+00 -3.92E+03 -1.89E+03 -9.50E+02 -5.03E+00 -2.58E+02 -1.98E+01 -1.30E+00 

Percentage - 0.03% 0.25% 0.00% -6.36% -0.15% -0.38% -27.49% -20.93% -22.54% -33.10% 

8 
Undigested 

Food 

Amount  - 4.85E+03 1.11E+04 - - - - - - - - 

Percentage - 0.06% 0.57% - - - - - - - - 

9 
Predation 

Loss 

Amount  - - - -1.59E+04 -1.11E+03 -1.11E+04 0.00E+00 -8.36E-01 -6.37E+01 -2.70E+00 0.00E+00 

Percentage - - - -0.36% -1.80% -0.88% 0.00% -4.57% -5.17% -3.07% 0.00% 

10 
Advection 

Output 

Amount  -9.08E+02 -1.05E+05 -1.39E+03 - - - - - - - - 

Percentage -0.06% -1.26% -0.07% - - - - - - - - 

11 Resuspension 
Amount  - 1.22E+03 -1.22E+03 - - - - - - - - 

Percentage - 0.01% -0.06% - - - - - - - - 

12 Deposition 
Amount  - -6.74E+03 6.74E+03 - - - - - - - - 

Percentage - -0.08% 0.34% - - - - - - - - 

13 
Rain 

Dissolution 

Amount  -1.35E+06 1.35E+06 - - - - - - - - - 

Percentage -95.14% 16.12% - - - - - - - - - 

14 
Dry 

Deposition 

Amount  -6.36E+00 6.36E+00 - - - - - - - - - 

Percentage 0.00% 0.00% - - - - - - - - - 

15 
Wet 

Deposition 

Amount  -1.14E+01 1.14E+01 - - - - - - - - - 

Percentage 0.00% 0.00% - - - - - - - - - 

16 Diffusion (In) 
Amount  8.76E+05 4.53E+05 3.50E+05 - - - - - - - - 

Percentage 61.51% 5.39% 17.84% - - - - - - - - 

17 
Diffusion 

(Out) 

Amount  -1.93E+03 -1.23E+06 -4.51E+05 - - - - - - - - 

Percentage -0.14% -14.60% -22.93% - - - - - - - - 
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Table A.4. PCB-153 Mass flow details under steady state with high biomass density 

PCB 153 Flow Chart (mg/day) 

Sign Name Unit 
Environment Compartments Biotic Compartments 

Air Water Sediment Plankton Mysid Pontoporeia Oligochaete Sculpin Alewife Smelt Salmonid 

1 
Advection 

Input 

Amount  5.48E+05 2.19E+06 - - - - - - - - - 

Percentage 14.01% 6.91% - - - - - - - - - 

2 
Food 

Ingestion 

Amount  - - -7.19E+06 0.00E+00 1.63E+06 4.79E+06 2.40E+06 2.40E+03 1.30E+05 1.03E+04 9.96E+02 

Percentage - - -15.41% 0.00% 88.18% 17.33% 34.49% 98.43% 98.36% 98.68% 99.80% 

3 Gill uptake 
Amount  - -2.39E+07 -2.74E+07 2.37E+07 2.19E+05 2.28E+07 4.56E+06 3.83E+01 2.17E+03 1.38E+02 1.95E+00 

Percentage - -75.39% -58.73% 100.00% 11.82% 82.67% 65.51% 1.57% 1.64% 1.32% 0.20% 

4 
Reaction/ 

Metabolism 

Amount  -2.09E+03 -1.36E+05 -6.76E+04 -2.96E+02 -1.33E+03 -3.79E+04 -1.74E+04 -6.31E+01 -4.71E+03 -3.22E+02 -8.63E+01 

Percentage -0.05% -0.43% -0.14% 0.00% -0.07% -0.14% -0.25% -2.59% -3.55% -3.08% -8.65% 

5 
Death Loss 

(All) 

Amount  - 8.78E+06 2.65E+07 -1.64E+07 -1.09E+06 -1.35E+07 -4.27E+06 -1.19E+03 -7.23E+04 -4.95E+03 -5.95E+02 

Percentage - 27.67% 56.87% -69.15% -59.04% -48.78% -61.44% -48.81% -54.58% -47.30% -59.61% 

6 Gill release 
Amount  - 6.01E+06 9.57E+06 -5.89E+06 -1.22E+05 -7.51E+06 -2.07E+06 -6.23E+01 -3.27E+03 -4.99E+02 -5.79E+00 

Percentage - 18.95% 20.52% -24.84% -6.56% -27.16% -29.69% -2.56% -2.47% -4.77% -0.58% 

7 Egestion 
Amount  - 2.29E+05 2.03E+06 0.00E+00 -4.26E+05 -1.20E+06 -6.00E+05 -7.05E+02 -2.86E+04 -2.84E+03 -3.11E+02 

Percentage - 0.72% 4.34% 0.00% -22.96% -4.33% -8.62% -28.94% -21.61% -27.14% -31.16% 

8 
Undigested 

Food 

Amount  - 6.21E+05 4.67E+06 - - - - - - - - 

Percentage - 1.96% 10.01% - - - - - - - - 

9 
Predation 

Loss 

Amount  - - - -1.42E+06 -2.10E+05 -5.41E+06 0.00E+00 -4.17E+02 -2.36E+04 -1.85E+03 0.00E+00 

Percentage - - - -6.00% -11.36% -19.58% 0.00% -17.11% -17.79% -17.71% 0.00% 

10 
Advection 

Output 

Amount  -2.06E+03 -4.58E+05 -2.01E+06 - - - - - - - - 

Percentage -0.05% -1.44% -4.31% - - - - - - - - 

11 Resuspension 
Amount  - 1.77E+06 -1.77E+06 - - - - - - - - 

Percentage - 5.58% -3.79% - - - - - - - - 

12 Deposition 
Amount  - -2.33E+06 2.33E+06 - - - - - - - - 

Percentage - -7.34% 4.99% - - - - - - - - 

13 
Rain 

Dissolution 

Amount  -3.90E+06 3.90E+06 - - - - - - - - - 

Percentage -99.77% 12.30% - - - - - - - - - 

14 
Dry 

Deposition 

Amount  -1.54E-01 1.54E-01 - - - - - - - - - 

Percentage 0.00% 0.00% - - - - - - - - - 

15 
Wet 

Deposition 

Amount  -2.76E-01 2.76E-01 - - - - - - - - - 

Percentage 0.00% 0.00% - - - - - - - - - 

16 Diffusion (In) 
Amount  3.36E+06 8.22E+06 1.52E+06 - - - - - - - - 

Percentage 85.99% 25.91% 3.26% - - - - - - - - 

17 
Diffusion 

(Out) 

Amount  -4.92E+03 -4.89E+06 -8.22E+06 - - - - - - - - 

Percentage -0.13% -15.40% -17.61% - - - - - - - - 
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Table A.5. PCB-194 Mass flow details under steady state with high biomass density 

PCB 194 Flow Chart (mg/day) 

Sign Name Unit 
Environment Compartments Biotic Compartments 

Air Water Sediment Plankton Mysid Pontoporeia Oligochaete Sculpin Alewife Smelt Salmonid 

1 Advection Input 
Amount  5.48E+05 2.19E+06 - - - - - - - - - 

Percentage 38.19% 9.26% - - - - - - - - - 

2 Food Ingestion 
Amount  - - -6.80E+06 0.00E+00 1.23E+06 4.53E+06 2.27E+06 1.82E+03 9.68E+04 7.35E+03 6.88E+02 

Percentage - - -17.42% 0.00% 87.81% 20.14% 38.78% 98.39% 98.29% 98.56% 99.78% 

3 Gill uptake 
Amount  - -1.86E+07 -2.15E+07 1.85E+07 1.70E+05 1.80E+07 3.58E+06 2.98E+01 1.69E+03 1.07E+02 1.52E+00 

Percentage - -78.70% -55.18% 100.00% 12.19% 79.86% 61.22% 1.61% 1.71% 1.44% 0.22% 

4 
Reaction/ 

Metabolism 

Amount  -2.51E+02 -5.41E+04 -3.75E+04 -2.49E+02 -1.11E+03 -3.39E+04 -1.65E+04 -5.39E+01 -3.81E+03 -2.59E+02 -6.73E+01 

Percentage -0.02% -0.23% -0.10% 0.00% -0.08% -0.15% -0.28% -2.92% -3.86% -3.47% -9.76% 

5 Death Loss (All) 
Amount  - 7.37E+06 2.35E+07 -1.38E+07 -9.16E+05 -1.20E+07 -4.04E+06 -1.02E+03 -5.85E+04 -3.98E+03 -4.64E+02 

Percentage - 31.13% 60.08% -74.55% -65.53% -53.57% -69.05% -55.04% -59.38% -53.36% -67.23% 

6 Gill release 
Amount  - 3.58E+06 6.13E+06 -3.50E+06 -7.21E+04 -4.75E+06 -1.38E+06 -3.77E+01 -1.87E+03 -2.84E+02 -3.20E+00 

Percentage - 15.11% 15.71% -18.98% -5.16% -21.12% -23.62% -2.04% -1.90% -3.81% -0.46% 

7 Egestion 
Amount  - 1.25E+05 1.36E+06 0.00E+00 -2.33E+05 -8.24E+05 -4.13E+05 -3.82E+02 -1.53E+04 -1.45E+03 -1.56E+02 

Percentage - 0.53% 3.49% 0.00% -16.63% -3.66% -7.05% -20.70% -15.50% -19.38% -22.55% 

8 Undigested Food 
Amount  - 5.47E+05 4.35E+06 - - - - - - - - 

Percentage - 2.31% 11.13% - - - - - - - - 

9 Predation Loss 
Amount  - - - -1.19E+06 -1.76E+05 -4.84E+06 0.00E+00 -3.56E+02 -1.91E+04 -1.49E+03 0.00E+00 

Percentage - - - -6.47% -12.60% -21.50% 0.00% -19.30% -19.35% -19.98% 0.00% 

10 
Advection 

Output 

Amount  -4.95E+02 -3.57E+05 -2.23E+06 - - - - - - - - 

Percentage -0.03% -1.51% -5.72% - - - - - - - - 

11 Resuspension 
Amount  - 1.97E+06 -1.97E+06 - - - - - - - - 

Percentage - 8.31% -5.04% - - - - - - - - 

12 Deposition 
Amount  - -2.56E+06 2.56E+06 - - - - - - - - 

Percentage - -10.81% 6.55% - - - - - - - - 

13 Rain Dissolution 
Amount  -1.42E+06 1.42E+06 - - - - - - - - - 

Percentage -98.89% 5.99% - - - - - - - - - 

14 Dry Deposition 
Amount  -5.23E+03 5.23E+03 - - - - - - - - - 

Percentage -0.36% 0.02% - - - - - - - - - 

15 Wet Deposition 
Amount  -9.39E+03 9.39E+03 - - - - - - - - - 

Percentage -0.65% 0.04% - - - - - - - - - 

16 Diffusion (In) 
Amount  8.87E+05 6.46E+06 1.19E+06 - - - - - - - - 

Percentage 61.81% 27.29% 3.16% - - - - - - - - 

17 Diffusion (Out) 
Amount  -6.06E+02 -2.07E+06 -6.46E+06 - - - - - - - - 

Percentage -0.04% -8.75% -16.55% - - - - - - - - 
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Table A.6. PCB-18 Mass flow details under steady state with low biomass density 

PCB 18 Flow Chart (mg/day) 

Sign Name Unit 
Environment Compartments Biotic Compartments 

Air Water Sediment Plankton Mysid Pontoporeia Oligochaete Sculpin Alewife Smelt Salmonid 

1 
Advection 

Input 

Amount  5.48E+05 2.19E+06 - - - - - - - - - 

Percentage 38.49% 56.07% - - - - - - - - - 

2 Food Ingestion 
Amount  - - -6.72E+00 0.00E+00 1.04E+01 4.48E+00 2.24E+00 7.85E-03 6.69E-01 5.29E-02 3.32E-03 

Percentage - - 0.00% 0.00% 17.04% 0.45% 1.13% 47.15% 57.29% 62.53% 88.07% 

3 Gill uptake 
Amount  - -4.50E+03 -1.18E+03 4.45E+03 5.04E+01 9.87E+02 1.97E+02 8.80E-03 4.99E-01 3.17E-02 4.50E-04 

Percentage - -0.12% -0.33% 100.00% 82.96% 99.55% 98.87% 52.85% 42.71% 37.47% 11.93% 

4 
Reaction/ 

Metabolism 

Amount  -6.63E+04 -2.57E+06 -2.35E+02 -3.30E-03 -6.93E-03 -6.10E-02 -2.05E-02 -1.16E-04 -1.21E-02 -4.53E-04 -1.91E-04 

Percentage -4.66% -65.64% -0.07% 0.00% -0.01% -0.01% -0.01% -0.69% -1.03% -0.54% -5.06% 

5 
Death Loss 

(All) 

Amount  - 9.42E+01 1.21E+02 -1.83E+02 -5.70E+00 -2.17E+01 -5.04E+00 -2.18E-03 -1.86E-01 -6.97E-03 -1.31E-03 

Percentage - 0.00% 0.03% -4.11% -9.39% -2.19% -2.53% -13.08% -15.88% -8.23% -34.88% 

6 Gill release 
Amount  - 4.30E+03 1.15E+03 -4.25E+03 -5.03E+01 -9.60E+02 -1.93E+02 -9.06E-03 -6.66E-01 -5.58E-02 -1.02E-03 

Percentage - 0.11% 0.32% -95.54% -82.88% -96.78% -97.08% -54.40% -57.01% -65.91% -26.96% 

7 Egestion 
Amount  - 1.93E+00 4.17E+00 0.00E+00 -3.59E+00 -1.49E+00 -7.48E-01 -4.54E-03 -2.44E-01 -1.88E-02 -1.25E-03 

Percentage - 0.00% 0.00% 0.00% -5.92% -0.15% -0.38% -27.24% -20.90% -22.25% -33.09% 

8 
Undigested 

Food 

Amount  - 4.84E+00 9.80E+00 - - - - - - - - 

Percentage - 0.00% 0.00% - - - - - - - - 

9 Predation Loss 
Amount  - - - -1.59E+01 -1.10E+00 -8.71E+00 0.00E+00 -7.64E-04 -6.05E-02 -2.61E-03 0.00E+00 

Percentage - - - -0.36% -1.81% -0.88% 0.00% -4.58% -5.17% -3.08% 0.00% 

10 
Advection 

Output 

Amount  -9.08E+02 -1.05E+05 -1.10E+03 - - - - - - - - 

Percentage -0.06% -2.70% -0.31% - - - - - - - - 

11 Resuspension 
Amount  - 9.63E+02 -9.63E+02 - - - - - - - - 

Percentage - 0.02% -0.27% - - - - - - - - 

12 Deposition 
Amount  - -6.75E+03 6.75E+03 - - - - - - - - 

Percentage - -0.17% 1.88% - - - - - - - - 

13 
Rain 

Dissolution 

Amount  -1.35E+06 1.35E+06 - - - - - - - - - 

Percentage -95.14% 34.65% - - - - - - - - - 

14 Dry Deposition 
Amount  -6.36E+00 6.36E+00 - - - - - - - - - 

Percentage 0.00% 0.00% - - - - - - - - - 

15 Wet Deposition 
Amount  -1.14E+01 1.14E+01 - - - - - - - - - 

Percentage 0.00% 0.00% - - - - - - - - - 

16 Diffusion (In) 
Amount  8.76E+05 3.57E+05 3.51E+05 - - - - - - - - 

Percentage 61.51% 9.13% 97.76% - - - - - - - - 

17 Diffusion (Out) 
Amount  -1.93E+03 -1.23E+06 -3.55E+05 - - - - - - - - 

Percentage -0.14% -31.37% -99.03% - - - - - - - - 
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Table A.7. PCB-153 Mass flow details under steady state with low biomass density 

PCB 153 Flow Chart (mg/day) 

Sign Name Unit 
Environment Compartments Biotic Compartments 

Air Water Sediment Plankton Mysid Pontoporeia Oligochaete Sculpin Alewife Smelt Salmonid 

1 
Advection 

Input 

Amount  5.48E+05 2.19E+06 - - - - - - - - - 

Per total flow 6.99% 12.90% - - - - - - - - - 

2 
Food 

Ingestion 

Amount  - - -4.99E+03 0.00E+00 1.66E+03 3.32E+03 1.67E+03 1.76E+00 1.16E+02 9.48E+00 8.89E-01 

Per total flow - - -0.06% 0.00% 77.77% 17.33% 34.49% 95.51% 96.09% 96.94% 99.53% 

3 Gill uptake 
Amount  - -5.19E+04 -1.90E+04 5.14E+04 4.75E+02 1.59E+04 3.16E+03 8.30E-02 4.70E+00 2.99E-01 4.24E-03 

Per total flow - -0.31% -0.23% 100.00% 22.23% 82.67% 65.51% 4.49% 3.91% 3.06% 0.47% 

4 
Reaction/ 

Metabolism 

Amount  -4.19E+03 -2.94E+05 -4.69E+04 -6.43E-01 -1.59E+00 -2.63E+01 -1.21E+01 -4.52E-02 -4.17E+00 -3.03E-01 -7.66E-02 

Per total flow -0.05% -1.73% -0.56% 0.00% -0.07% -0.14% -0.25% -2.45% -3.46% -3.10% -8.57% 

5 
Death Loss 

(All) 

Amount  - 1.85E+04 3.08E+04 -3.55E+04 -1.31E+03 -9.36E+03 -2.97E+03 -8.52E-01 -6.40E+01 -4.65E+00 -5.28E-01 

Per total flow - 0.11% 0.37% -69.15% -61.12% -48.78% -61.44% -46.10% -53.24% -47.60% -59.07% 

6 Gill release 
Amount  - 1.29E+04 6.64E+03 -1.28E+04 -1.45E+02 -5.21E+03 -1.43E+03 -4.46E-02 -2.89E+00 -4.69E-01 -5.14E-03 

Per total flow - 0.08% 0.08% -24.84% -6.80% -27.16% -29.69% -2.41% -2.41% -4.80% -0.57% 

7 Egestion 
Amount  - 2.32E+02 1.48E+03 0.00E+00 -4.33E+02 -8.31E+02 -4.16E+02 -6.07E-01 -2.83E+01 -2.61E+00 -2.84E-01 

Per total flow - 0.00% 0.02% 0.00% -20.25% -4.33% -8.62% -32.88% -23.54% -26.68% -31.78% 

8 
Undigested 

Food 

Amount  - 1.26E+03 4.07E+03 - - - - - - - - 

Per total flow - 0.01% 0.05% - - - - - - - - 

9 
Predation 

Loss 

Amount  - - - -3.09E+03 -2.51E+02 -3.76E+03 0.00E+00 -2.99E-01 -2.09E+01 -1.74E+00 0.00E+00 

Per total flow - - - -6.00% -11.76% -19.58% 0.00% -16.16% -17.35% -17.82% 0.00% 

10 
Advection 

Output 

Amount  -4.13E+03 -9.94E+05 -1.40E+06 - - - - - - - - 

Per total flow -0.05% -5.85% -16.63% - - - - - - - - 

11 Resuspension 
Amount  - 1.23E+06 -1.23E+06 - - - - - - - - 

Per total flow - 7.23% -14.63% - - - - - - - - 

12 Deposition 
Amount  - -5.05E+06 5.05E+06 - - - - - - - - 

Per total flow - -29.73% 60.14% - - - - - - - - 

13 
Rain 

Dissolution 

Amount  -7.83E+06 7.83E+06 - - - - - - - - - 

Per total flow -99.77% 46.06% - - - - - - - - - 

14 
Dry 

Deposition 

Amount  -3.08E-01 3.08E-01 - - - - - - - - - 

Per total flow 0.00% 0.00% - - - - - - - - - 

15 
Wet 

Deposition 

Amount  -5.54E-01 5.54E-01 - - - - - - - - - 

Per total flow 0.00% 0.00% - - - - - - - - - 

16 Diffusion (In) 
Amount  7.30E+06 5.71E+06 3.30E+06 - - - - - - - - 

Per total flow 93.01% 33.62% 39.35% - - - - - - - - 

17 
Diffusion 

(Out) 

Amount  -9.87E+03 -1.06E+07 -5.70E+06 - - - - - - - - 

Per total flow -0.13% -62.39% -67.89% - - - - - - - - 
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Table A.8. PCB-194 Mass flow details under steady state with low biomass density 

PCB 194 Flow Chart (mg/day) 

Sign Name Unit 
Environment Compartments Biotic Compartments 

Air Water Sediment Plankton Mysid Pontoporeia Oligochaete Sculpin Alewife Smelt Salmonid 

1 Advection Input 
Amount  5.48E+05 2.19E+06 - - - - - - - - - 

Per total flow 21.42% 19.10% - - - - - - - - - 

2 Food Ingestion 
Amount  - - -5.41E+03 0.00E+00 1.35E+03 3.60E+03 1.81E+03 1.51E+00 9.41E+01 7.40E+00 6.79E-01 

Per total flow - - -0.06% 0.00% 77.79% 20.14% 38.78% 95.73% 96.09% 96.82% 99.49% 

3 Gill uptake 
Amount  - -4.22E+04 -1.71E+04 4.19E+04 3.86E+02 1.43E+04 2.85E+03 6.75E-02 3.83E+00 2.43E-01 3.45E-03 

Per total flow - -0.37% -0.20% 100.00% 22.21% 79.86% 61.22% 4.27% 3.91% 3.18% 0.51% 

4 
Reaction/ 

Metabolism 

Amount  -4.48E+02 -1.23E+05 -2.99E+04 -5.64E-01 -1.42E+00 -2.69E+01 -1.31E+01 -4.48E-02 -3.73E+00 -2.66E-01 -6.63E-02 

Per total flow -0.02% -1.07% -0.35% 0.00% -0.08% -0.15% -0.28% -2.84% -3.81% -3.48% -9.71% 

5 Death Loss (All) 
Amount  - 1.62E+04 2.90E+04 -3.12E+04 -1.17E+03 -9.58E+03 -3.21E+03 -8.45E-01 -5.74E+01 -4.09E+00 -4.57E-01 

Per total flow - 0.14% 0.34% -74.55% -67.02% -53.57% -69.05% -53.49% -58.56% -53.54% -66.92% 

6 Gill release 
Amount  - 8.04E+03 4.88E+03 -7.94E+03 -9.18E+01 -3.78E+03 -1.10E+03 -3.13E-02 -1.84E+00 -2.92E-01 -3.15E-03 

Per total flow - 0.07% 0.06% -18.98% -5.28% -21.12% -23.62% -1.98% -1.87% -3.82% -0.46% 

7 Egestion 
Amount  - 1.37E+02 1.12E+03 0.00E+00 -2.56E+02 -6.55E+02 -3.28E+02 -3.62E-01 -1.63E+01 -1.46E+00 -1.56E-01 

Per total flow - 0.00% 0.01% 0.00% -14.73% -3.66% -7.05% -22.94% -16.67% -19.10% -22.91% 

8 Undigested Food 
Amount  - 1.16E+03 4.18E+03 - - - - - - - - 

Per total flow - 0.01% 0.05% - - - - - - - - 

9 Predation Loss 
Amount  - - - -2.71E+03 -2.24E+02 -3.85E+03 0.00E+00 -2.96E-01 -1.87E+01 -1.53E+00 0.00E+00 

Per total flow - - - -6.47% -12.89% -21.50% 0.00% -18.75% -19.08% -20.05% 0.00% 

10 Advection Output 
Amount  -8.83E+02 -8.09E+05 -1.78E+06 - - - - - - - - 

Per total flow -0.03% -7.05% -20.83% - - - - - - - - 

11 Resuspension 
Amount  - 1.56E+06 -1.56E+06 - - - - - - - - 

Per total flow - 13.63% -18.33% - - - - - - - - 

12 Deposition 
Amount  - -5.80E+06 5.80E+06 - - - - - - - - 

Per total flow - -50.57% 68.03% - - - - - - - - 

13 Rain Dissolution 
Amount  -2.53E+06 2.53E+06 - - - - - - - - - 

Per total flow -98.89% 22.05% - - - - - - - - - 

14 Dry Deposition 
Amount  -9.32E+03 9.32E+03 - - - - - - - - - 

Per total flow -0.36% 0.08% - - - - - - - - - 

15 Wet Deposition 
Amount  -1.67E+04 1.67E+04 - - - - - - - - - 

Per total flow -0.65% 0.15% - - - - - - - - - 

16 Diffusion (In) 
Amount  2.01E+06 5.14E+06 2.69E+06 - - - - - - - - 

Per total flow 78.58% 44.78% 3.16% - - - - - - - - 

17 Diffusion (Out) 
Amount  -1.08E+03 -4.70E+06 -5.14E+06 - - - - - - - - 

Per total flow -0.04% -40.94% -16.55% - - - - - - - - 



    
165 

Table A.9 Calculated standard redox potential for PCB dechlorination 

Substrate   Product   Dechlorination Type  
E 

(mV) 

PCB 4 PCB 1 Unflanked Ortho 363 

PCB 5 PCB 1 Ortho Flanked Meta 425 

PCB 5 PCB 2 Single Flanked Ortho 491 

PCB 6 PCB 1 Unflanked Meta 341 

PCB 6 PCB 2 Unflanked Ortho 407 

PCB 7 PCB 1 Unflanked Para 365 

PCB 7 PCB 3 Unflanked Ortho 421 

PCB 8 PCB 1 Unflanked Para 341 

PCB 8 PCB 3 Unflanked Ortho 397 

PCB 9 PCB 1 Unflanked Meta 360 

PCB 9 PCB 2 Unflanked Ortho 425 

PCB 10 PCB 1 Unflanked Ortho 422 

PCB 11 PCB 2 Unflanked Meta 353 

PCB 12 PCB 2 Single Flanked Para 420 

PCB 12 PCB 3 Para Flanked Meta 411 

PCB 13 PCB 2 Unflanked Para 343 

PCB 13 PCB 3 Unflanked Meta 333 

PCB 14 PCB 2 Unflanked Meta 370 

PCB 15 PCB 3 Unflanked Para 335 

PCB 16 PCB 4 Ortho Flanked Meta 432 

PCB 16 PCB 5 Unflanked Ortho 370 

PCB 16 PCB 6 Single Flanked Ortho 454 

PCB 17 PCB 4 Unflanked Para 346 

PCB 17 PCB 7 Unflanked Ortho 344 

PCB 17 PCB 8 Unflanked Ortho 368 

PCB 18 PCB 4 Unflanked Meta 372 

PCB 18 PCB 6 Unflanked Ortho 394 

PCB 18 PCB 9 Unflanked Ortho 375 

PCB 19 PCB 4 Unflanked Ortho 399 

PCB 19 PCB 10 Unflanked Ortho 340 

PCB 20 PCB 5 Unflanked Meta 341 

PCB 20 PCB 6 Ortho Flanked Meta 425 

PCB 20 PCB 11 Single Flanked Ortho 479 

PCB 21 PCB 5 Single Flanked Para 437 

PCB 21 PCB 7 Doubly Flanked Meta 497 

PCB 21 PCB 12 Single Flanked Ortho 507 

PCB 22 PCB 5 Unflanked Para 341 

PCB 22 PCB 8 Ortho Flanked Meta 425 

PCB 22 PCB 13 Single Flanked Ortho 489 

PCB 23 PCB 5 Unflanked Meta 381 

PCB 23 PCB 9 Ortho Flanked Meta 447 

PCB 23 PCB 14 Single Flanked Ortho 502 

PCB 24 PCB 5 Unflanked Ortho 405 

PCB 24 PCB 9 Single Flanked Ortho 470 

PCB 24 PCB 10 Ortho Flanked Meta 408 

PCB 25 PCB 6 Unflanked Para 365 

PCB 25 PCB 7 Unflanked Meta 342 

PCB 25 PCB 13 Unflanked Ortho 429 

PCB 26 PCB 6 Unflanked Meta 362 

PCB 26 PCB 9 Unflanked Meta 343 

PCB 26 PCB 11 Unflanked Ortho 416 

PCB 27 PCB 6 Unflanked Ortho 401 

PCB 27 PCB 10 Unflanked Meta 320 

PCB 28 PCB 7 Unflanked Para 343 

PCB 28 PCB 8 Unflanked Para 366 

PCB 28 PCB 15 Unflanked Ortho 429 

PCB 29 PCB 7 Para Flanked Meta 442 

PCB 29 PCB 9 Single Flanked Para 447 

PCB 29 PCB 12 Unflanked Ortho 452 

PCB 30 PCB 7 Unflanked Ortho 448 

PCB 30 PCB 10 Unflanked Para 391 

PCB 31 PCB 8 Unflanked Meta 360 

PCB 31 PCB 9 Unflanked Para 341 

PCB 31 PCB 13 Unflanked Ortho 424 

PCB 32 PCB 8 Unflanked Ortho 396 

PCB 32 PCB 10 Unflanked Para 315 
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PCB 33 PCB 6 Single Flanked Para 417 

PCB 33 PCB 8 Para Flanked Meta 417 

PCB 33 PCB 12 Unflanked Ortho 403 

PCB 34 PCB 6 Unflanked Meta 366 

PCB 34 PCB 14 Unflanked Ortho 403 

PCB 35 PCB 11 Single Flanked Para 412 

PCB 35 PCB 12 Unflanked Meta 344 

PCB 35 PCB 13 Para Flanked Meta 421 

PCB 36 PCB 11 Unflanked Meta 362 

PCB 36 PCB 14 Unflanked Meta 345 

PCB 37 PCB 12 Unflanked Para 339 

PCB 37 PCB 13 Single Flanked Para 417 

PCB 37 PCB 15 Para Flanked Meta 415 

PCB 38 PCB 12 Para Flanked Meta 442 

PCB 38 PCB 14 Doubly Flanked Para 492 

PCB 39 PCB 13 Unflanked Meta 366 

PCB 39 PCB 14 Unflanked Para 339 

PCB 40 PCB 16 Ortho Flanked Meta 422 

PCB 40 PCB 20 Single Flanked Ortho 450 

PCB 41 PCB 16 Single Flanked Para 447 

PCB 41 PCB 17 Doubly Flanked Meta 532 

PCB 41 PCB 21 Unflanked Ortho 379 

PCB 41 PCB 33 Single Flanked Ortho 483 

PCB 42 PCB 16 Unflanked Para 362 

PCB 42 PCB 17 Ortho Flanked Meta 448 

PCB 42 PCB 22 Unflanked Ortho 391 

PCB 42 PCB 25 Single Flanked Ortho 451 

PCB 43 PCB 16 Unflanked Meta 388 

PCB 43 PCB 18 Ortho Flanked Meta 448 

PCB 43 PCB 23 Unflanked Ortho 376 

PCB 43 PCB 34 Single Flanked Ortho 475 

PCB 44 PCB 16 Unflanked Meta 371 

PCB 44 PCB 18 Ortho Flanked Meta 431 

PCB 44 PCB 20 Unflanked Ortho 399 

PCB 44 PCB 26 Single Flanked Ortho 463 

PCB 45 PCB 16 Unflanked Ortho 418 

PCB 45 PCB 18 Single Flanked Ortho 478 

PCB 45 PCB 19 Ortho Flanked Meta 451 

PCB 45 PCB 24 Unflanked Ortho 383 

PCB 46 PCB 16 Unflanked Ortho 403 

PCB 46 PCB 19 Ortho Flanked Meta 436 

PCB 46 PCB 27 Single Flanked Ortho 456 

PCB 47 PCB 17 Unflanked Para 378 

PCB 47 PCB 28 Unflanked Ortho 380 

PCB 48 PCB 17 Para Flanked Meta 467 

PCB 48 PCB 18 Single Flanked Para 441 

PCB 48 PCB 29 Unflanked Ortho 369 

PCB 48 PCB 33 Unflanked Ortho 418 

PCB 49 PCB 17 Unflanked Meta 392 

PCB 49 PCB 18 Unflanked Para 367 

PCB 49 PCB 25 Unflanked Ortho 395 

PCB 49 PCB 31 Unflanked Ortho 400 

PCB 50 PCB 17 Unflanked Ortho 447 

PCB 50 PCB 19 Unflanked Para 394 

PCB 50 PCB 30 Unflanked Ortho 343 

PCB 51 PCB 17 Unflanked Ortho 436 

PCB 51 PCB 19 Unflanked Para 383 

PCB 51 PCB 32 Unflanked Ortho 408 

PCB 52 PCB 18 Unflanked Meta 364 

PCB 52 PCB 26 Unflanked Ortho 397 

PCB 53 PCB 18 Unflanked Ortho 403 

PCB 53 PCB 19 Unflanked Meta 376 

PCB 53 PCB 27 Unflanked Ortho 396 

PCB 54 PCB 19 Unflanked Ortho 407 

PCB 55 PCB 20 Single Flanked Para 443 

PCB 55 PCB 21 Unflanked Meta 348 

PCB 55 PCB 25 Doubly Flanked Meta 503 

PCB 55 PCB 35 Single Flanked Ortho 511 

PCB 56 PCB 20 Single Flanked Para 423 

PCB 56 PCB 22 Para Flanked Meta 423 

PCB 56 PCB 33 Ortho Flanked Meta 431 

PCB 56 PCB 35 Single Flanked Ortho 491 

PCB 57 PCB 20 Unflanked Meta 386 

PCB 57 PCB 23 Unflanked Meta 346 
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PCB 57 PCB 26 Ortho Flanked Meta 450 

PCB 57 PCB 36 Single Flanked Ortho 504 

PCB 58 PCB 20 Unflanked Meta 374 

PCB 58 PCB 34 Ortho Flanked Meta 433 

PCB 58 PCB 36 Single Flanked Ortho 491 

PCB 59 PCB 20 Unflanked Ortho 421 

PCB 59 PCB 24 Unflanked Meta 357 

PCB 59 PCB 26 Single Flanked Ortho 484 

PCB 59 PCB 27 Ortho Flanked Meta 445 

PCB 60 PCB 21 Unflanked Para 339 

PCB 60 PCB 22 Single Flanked Para 435 

PCB 60 PCB 28 Doubly Flanked Meta 493 

PCB 60 PCB 37 Single Flanked Ortho 507 

PCB 61 PCB 21 Para Flanked Meta 460 

PCB 61 PCB 23 Doubly Flanked Para 515 

PCB 61 PCB 29 Doubly Flanked Meta 515 

PCB 61 PCB 38 Single Flanked Ortho 526 

PCB 62 PCB 21 Unflanked Ortho 441 

PCB 62 PCB 24 Single Flanked Para 473 

PCB 62 PCB 29 Single Flanked Ortho 497 

PCB 62 PCB 30 Doubly Flanked Meta 490 

PCB 63 PCB 22 Unflanked Meta 381 

PCB 63 PCB 23 Unflanked Para 341 

PCB 63 PCB 31 Ortho Flanked Meta 446 

PCB 63 PCB 39 Single Flanked Ortho 504 

PCB 64 PCB 22 Unflanked Ortho 420 

PCB 64 PCB 24 Unflanked Para 357 

PCB 64 PCB 31 Single Flanked Ortho 486 

PCB 64 PCB 32 Ortho Flanked Meta 450 

PCB 65 PCB 23 Single Flanked Ortho 513 

PCB 65 PCB 24 Ortho Flanked Meta 490 

PCB 66 PCB 25 Single Flanked Para 426 

PCB 66 PCB 28 Para Flanked Meta 425 

PCB 66 PCB 33 Unflanked Para 374 

PCB 66 PCB 37 Unflanked Ortho 438 

PCB 67 PCB 25 Para Flanked Meta 431 

PCB 67 PCB 26 Single Flanked Para 435 

PCB 67 PCB 29 Unflanked Meta 331 

PCB 67 PCB 35 Unflanked Ortho 439 

PCB 68 PCB 25 Unflanked Meta 377 

PCB 68 PCB 34 Unflanked Para 376 

PCB 68 PCB 39 Unflanked Ortho 440 

PCB 69 PCB 25 Unflanked Ortho 426 

PCB 69 PCB 27 Unflanked Para 390 

PCB 69 PCB 30 Unflanked Meta 320 

PCB 70 PCB 26 Single Flanked Para 418 

PCB 70 PCB 31 Para Flanked Meta 420 

PCB 70 PCB 33 Unflanked Meta 363 

PCB 70 PCB 35 Unflanked Ortho 422 

PCB 71 PCB 27 Single Flanked Para 418 

PCB 71 PCB 32 Para Flanked Meta 424 

PCB 71 PCB 33 Unflanked Ortho 402 

PCB 72 PCB 26 Unflanked Meta 379 

PCB 72 PCB 34 Unflanked Meta 374 

PCB 72 PCB 36 Unflanked Ortho 433 

PCB 73 PCB 27 Unflanked Meta 378 

PCB 73 PCB 34 Unflanked Ortho 412 

PCB 74 PCB 28 Para Flanked Meta 433 

PCB 74 PCB 29 Unflanked Para 334 

PCB 74 PCB 31 Single Flanked Para 440 

PCB 74 PCB 37 Unflanked Ortho 447 

PCB 75 PCB 28 Unflanked Ortho 414 

PCB 75 PCB 30 Unflanked Para 309 

PCB 75 PCB 32 Unflanked Para 385 

PCB 76 PCB 33 Para Flanked Meta 444 

PCB 76 PCB 34 Doubly Flanked Para 495 

PCB 76 PCB 38 Unflanked Ortho 406 

PCB 77 PCB 35 Single Flanked Para 424 

PCB 77 PCB 37 Para Flanked Meta 429 

PCB 78 PCB 35 Para Flanked Meta 444 

PCB 78 PCB 36 Doubly Flanked Para 493 

PCB 78 PCB 38 Unflanked Meta 346 

PCB 79 PCB 35 Unflanked Meta 371 

PCB 79 PCB 36 Single Flanked Para 421 
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PCB 79 PCB 39 Para Flanked Meta 426 

PCB 80 PCB 36 Unflanked Meta 392 

PCB 81 PCB 37 Para Flanked Meta 442 

PCB 81 PCB 38 Unflanked Para 340 

PCB 81 PCB 39 Doubly Flanked Para 492 

PCB 82 PCB 40 Single Flanked Para 453 

PCB 82 PCB 41 Ortho Flanked Meta 429 

PCB 82 PCB 42 Doubly Flanked Meta 513 

PCB 82 PCB 55 Single Flanked Ortho 460 

PCB 82 PCB 56 Single Flanked Ortho 481 

PCB 83 PCB 40 Unflanked Meta 397 

PCB 83 PCB 43 Ortho Flanked Meta 432 

PCB 83 PCB 44 Ortho Flanked Meta 448 

PCB 83 PCB 57 Single Flanked Ortho 461 

PCB 83 PCB 58 Single Flanked Ortho 474 

PCB 84 PCB 40 Unflanked Ortho 428 

PCB 84 PCB 44 Single Flanked Ortho 479 

PCB 84 PCB 45 Ortho Flanked Meta 432 

PCB 84 PCB 46 Ortho Flanked Meta 447 

PCB 84 PCB 59 Single Flanked Ortho 458 

PCB 85 PCB 41 Unflanked Para 367 

PCB 85 PCB 42 Single Flanked Para 451 

PCB 85 PCB 47 Doubly Flanked Meta 521 

PCB 85 PCB 60 Unflanked Ortho 408 

PCB 85 PCB 66 Single Flanked Ortho 476 

PCB 86 PCB 41 Para Flanked Meta 459 

PCB 86 PCB 43 Doubly Flanked Para 518 

PCB 86 PCB 48 Doubly Flanked Meta 524 

PCB 86 PCB 61 Unflanked Ortho 378 

PCB 86 PCB 76 Single Flanked Ortho 498 

PCB 87 PCB 41 Unflanked Meta 365 

PCB 87 PCB 44 Single Flanked Para 441 

PCB 87 PCB 49 Doubly Flanked Meta 505 

PCB 87 PCB 55 Unflanked Ortho 397 

PCB 87 PCB 70 Single Flanked Ortho 486 

PCB 88 PCB 41 Unflanked Ortho 441 

PCB 88 PCB 45 Single Flanked Para 469 

PCB 88 PCB 48 Single Flanked Ortho 506 

PCB 88 PCB 50 Doubly Flanked Meta 526 

PCB 88 PCB 62 Unflanked Ortho 379 

PCB 89 PCB 41 Unflanked Ortho 397 

PCB 89 PCB 46 Single Flanked Para 440 

PCB 89 PCB 51 Doubly Flanked Meta 493 

PCB 89 PCB 71 Single Flanked Ortho 478 

PCB 90 PCB 42 Unflanked Meta 397 

PCB 90 PCB 43 Unflanked Para 372 

PCB 90 PCB 49 Ortho Flanked Meta 453 

PCB 90 PCB 63 Unflanked Ortho 407 

PCB 90 PCB 68 Single Flanked Ortho 471 

PCB 91 PCB 42 Unflanked Ortho 430 

PCB 91 PCB 45 Unflanked Para 374 

PCB 91 PCB 49 Single Flanked Ortho 485 

PCB 91 PCB 51 Ortho Flanked Meta 442 

PCB 91 PCB 64 Unflanked Ortho 400 

PCB 92 PCB 43 Unflanked Meta 370 

PCB 92 PCB 44 Unflanked Meta 387 

PCB 92 PCB 52 Ortho Flanked Meta 453 

PCB 92 PCB 57 Unflanked Ortho 400 

PCB 92 PCB 72 Single Flanked Ortho 471 

PCB 93 PCB 43 Single Flanked Ortho 488 

PCB 93 PCB 45 Ortho Flanked Meta 458 

PCB 93 PCB 65 Unflanked Ortho 351 

PCB 94 PCB 43 Unflanked Ortho 398 

PCB 94 PCB 46 Unflanked Meta 382 

PCB 94 PCB 53 Ortho Flanked Meta 442 

PCB 94 PCB 73 Single Flanked Ortho 461 

PCB 95 PCB 44 Unflanked Ortho 418 

PCB 95 PCB 45 Unflanked Meta 370 

PCB 95 PCB 52 Single Flanked Ortho 484 

PCB 95 PCB 53 Ortho Flanked Meta 445 

PCB 95 PCB 59 Unflanked Ortho 396 

PCB 96 PCB 45 Unflanked Ortho 408 

PCB 96 PCB 46 Unflanked Ortho 422 

PCB 96 PCB 53 Single Flanked Ortho 482 
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PCB 96 PCB 54 Ortho Flanked Meta 452 

PCB 97 PCB 42 Para Flanked Meta 441 

PCB 97 PCB 44 Single Flanked Para 432 

PCB 97 PCB 48 Ortho Flanked Meta 422 

PCB 97 PCB 56 Unflanked Ortho 409 

PCB 97 PCB 67 Single Flanked Ortho 460 

PCB 98 PCB 42 Unflanked Ortho 444 

PCB 98 PCB 46 Unflanked Para 403 

PCB 98 PCB 50 Ortho Flanked Meta 445 

PCB 98 PCB 69 Single Flanked Ortho 469 

PCB 99 PCB 47 Para Flanked Meta 453 

PCB 99 PCB 48 Unflanked Para 365 

PCB 99 PCB 49 Single Flanked Para 439 

PCB 99 PCB 66 Unflanked Ortho 409 

PCB 99 PCB 74 Unflanked Ortho 400 

PCB 100 PCB 47 Unflanked Ortho 475 

PCB 100 PCB 50 Unflanked Para 407 

PCB 100 PCB 51 Unflanked Para 417 

PCB 100 PCB 75 Unflanked Ortho 440 

PCB 101 PCB 48 Unflanked Meta 374 

PCB 101 PCB 49 Para Flanked Meta 448 

PCB 101 PCB 52 Single Flanked Para 450 

PCB 101 PCB 67 Unflanked Ortho 412 

PCB 101 PCB 70 Unflanked Ortho 429 

PCB 102 PCB 48 Unflanked Ortho 407 

PCB 102 PCB 51 Para Flanked Meta 437 

PCB 102 PCB 53 Single Flanked Para 444 

PCB 102 PCB 71 Unflanked Ortho 422 

PCB 103 PCB 49 Unflanked Ortho 431 

PCB 103 PCB 50 Unflanked Meta 377 

PCB 103 PCB 53 Unflanked Para 395 

PCB 103 PCB 69 Unflanked Ortho 400 

PCB 104 PCB 50 Unflanked Ortho 415 

PCB 104 PCB 51 Unflanked Ortho 426 

PCB 104 PCB 54 Unflanked Para 402 

PCB 105 PCB 55 Single Flanked Para 422 

PCB 105 PCB 56 Single Flanked Para 443 

PCB 105 PCB 60 Para Flanked Meta 431 

PCB 105 PCB 66 Doubly Flanked Meta 500 

PCB 105 PCB 77 Single Flanked Ortho 509 

PCB 106 PCB 55 Para Flanked Meta 460 

PCB 106 PCB 57 Doubly Flanked Para 517 

PCB 106 PCB 61 Unflanked Meta 348 

PCB 106 PCB 67 Doubly Flanked Meta 532 

PCB 106 PCB 78 Single Flanked Ortho 528 

PCB 107 PCB 56 Unflanked Meta 386 

PCB 107 PCB 57 Single Flanked Para 422 

PCB 107 PCB 63 Para Flanked Meta 427 

PCB 107 PCB 70 Ortho Flanked Meta 454 

PCB 107 PCB 79 Single Flanked Ortho 505 

PCB 108 PCB 55 Unflanked Meta 379 

PCB 108 PCB 58 Single Flanked Para 448 

PCB 108 PCB 68 Doubly Flanked Meta 505 

PCB 108 PCB 79 Single Flanked Ortho 519 

PCB 109 PCB 55 Unflanked Ortho 441 

PCB 109 PCB 59 Single Flanked Para 463 

PCB 109 PCB 62 Unflanked Meta 347 

PCB 109 PCB 67 Single Flanked Ortho 512 

PCB 109 PCB 69 Doubly Flanked Meta 518 

PCB 110 PCB 56 Unflanked Ortho 416 

PCB 110 PCB 59 Single Flanked Para 418 

PCB 110 PCB 64 Para Flanked Meta 419 

PCB 110 PCB 70 Single Flanked Ortho 484 

PCB 110 PCB 71 Ortho Flanked Meta 445 

PCB 111 PCB 57 Unflanked Meta 378 

PCB 111 PCB 58 Unflanked Meta 390 

PCB 111 PCB 72 Ortho Flanked Meta 449 

PCB 111 PCB 80 Single Flanked Ortho 489 

PCB 112 PCB 57 Single Flanked Ortho 486 

PCB 112 PCB 59 Ortho Flanked Meta 451 

PCB 112 PCB 65 Unflanked Meta 318 

PCB 113 PCB 58 Unflanked Ortho 410 

PCB 113 PCB 59 Unflanked Meta 363 

PCB 113 PCB 72 Single Flanked Ortho 469 
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PCB 113 PCB 73 Ortho Flanked Meta 431 

PCB 114 PCB 60 Para Flanked Meta 461 

PCB 114 PCB 61 Unflanked Para 340 

PCB 114 PCB 63 Doubly Flanked Para 514 

PCB 114 PCB 74 Doubly Flanked Meta 521 

PCB 114 PCB 81 Single Flanked Ortho 526 

PCB 115 PCB 60 Unflanked Ortho 440 

PCB 115 PCB 62 Unflanked Para 337 

PCB 115 PCB 64 Single Flanked Para 454 

PCB 115 PCB 74 Single Flanked Ortho 500 

PCB 115 PCB 75 Doubly Flanked Meta 519 

PCB 116 PCB 61 Single Flanked Ortho 535 

PCB 116 PCB 62 Doubly Flanked Meta 554 

PCB 116 PCB 65 Doubly Flanked Para 537 

PCB 117 PCB 63 Single Flanked Ortho 488 

PCB 117 PCB 64 Ortho Flanked Meta 448 

PCB 117 PCB 65 Unflanked Para 315 

PCB 118 PCB 66 Para Flanked Meta 433 

PCB 118 PCB 67 Single Flanked Para 428 

PCB 118 PCB 70 Single Flanked Para 444 

PCB 118 PCB 74 Para Flanked Meta 425 

PCB 118 PCB 77 Unflanked Ortho 443 

PCB 119 PCB 66 Unflanked Ortho 423 

PCB 119 PCB 69 Single Flanked Para 423 

PCB 119 PCB 71 Unflanked Para 395 

PCB 119 PCB 75 Para Flanked Meta 433 

PCB 120 PCB 67 Unflanked Meta 386 

PCB 120 PCB 68 Para Flanked Meta 441 

PCB 120 PCB 72 Single Flanked Para 443 

PCB 120 PCB 79 Unflanked Ortho 455 

PCB 121 PCB 68 Unflanked Ortho 412 

PCB 121 PCB 69 Unflanked Meta 363 

PCB 121 PCB 73 Unflanked Para 376 

PCB 122 PCB 56 Para Flanked Meta 447 

PCB 122 PCB 58 Doubly Flanked Para 497 

PCB 122 PCB 76 Ortho Flanked Meta 435 

PCB 122 PCB 78 Single Flanked Ortho 494 

PCB 123 PCB 66 Para Flanked Meta 445 

PCB 123 PCB 68 Doubly Flanked Para 494 

PCB 123 PCB 76 Unflanked Para 375 

PCB 123 PCB 81 Unflanked Ortho 441 

PCB 124 PCB 70 Para Flanked Meta 455 

PCB 124 PCB 72 Doubly Flanked Para 494 

PCB 124 PCB 76 Unflanked Meta 374 

PCB 124 PCB 78 Unflanked Ortho 434 

PCB 125 PCB 71 Para Flanked Meta 442 

PCB 125 PCB 73 Doubly Flanked Para 483 

PCB 125 PCB 76 Unflanked Ortho 400 

PCB 126 PCB 77 Para Flanked Meta 438 

PCB 126 PCB 78 Single Flanked Para 419 

PCB 126 PCB 79 Doubly Flanked Para 492 

PCB 126 PCB 81 Para Flanked Meta 425 

PCB 127 PCB 78 Unflanked Meta 384 

PCB 127 PCB 79 Para Flanked Meta 457 

PCB 127 PCB 80 Doubly Flanked Para 485 

PCB 128 PCB 82 Single Flanked Para 442 

PCB 128 PCB 85 Doubly Flanked Meta 503 

PCB 128 PCB 105 Single Flanked Ortho 480 

PCB 129 PCB 82 Para Flanked Meta 460 

PCB 129 PCB 83 Doubly Flanked Para 516 

PCB 129 PCB 86 Ortho Flanked Meta 429 

PCB 129 PCB 97 Doubly Flanked Meta 532 

PCB 129 PCB 106 Single Flanked Ortho 460 

PCB 129 PCB 122 Single Flanked Ortho 493 

PCB 130 PCB 82 Unflanked Meta 393 

PCB 130 PCB 83 Single Flanked Para 449 

PCB 130 PCB 87 Ortho Flanked Meta 456 

PCB 130 PCB 90 Doubly Flanked Meta 509 

PCB 130 PCB 107 Single Flanked Ortho 488 

PCB 130 PCB 108 Single Flanked Ortho 475 

PCB 131 PCB 82 Unflanked Ortho 442 

PCB 131 PCB 84 Single Flanked Para 467 

PCB 131 PCB 88 Ortho Flanked Meta 430 

PCB 131 PCB 97 Single Flanked Ortho 515 
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PCB 131 PCB 98 Doubly Flanked Meta 511 

PCB 131 PCB 109 Single Flanked Ortho 462 

PCB 132 PCB 82 Unflanked Ortho 422 

PCB 132 PCB 84 Single Flanked Para 447 

PCB 132 PCB 87 Single Flanked Ortho 485 

PCB 132 PCB 89 Ortho Flanked Meta 454 

PCB 132 PCB 91 Doubly Flanked Meta 505 

PCB 132 PCB 110 Single Flanked Ortho 486 

PCB 133 PCB 83 Unflanked Meta 398 

PCB 133 PCB 92 Ortho Flanked Meta 459 

PCB 133 PCB 111 Single Flanked Ortho 481 

PCB 134 PCB 83 Single Flanked Ortho 500 

PCB 134 PCB 84 Ortho Flanked Meta 469 

PCB 134 PCB 93 Ortho Flanked Meta 444 

PCB 134 PCB 112 Single Flanked Ortho 476 

PCB 135 PCB 83 Unflanked Ortho 428 

PCB 135 PCB 84 Unflanked Meta 397 

PCB 135 PCB 92 Single Flanked Ortho 489 

PCB 135 PCB 94 Ortho Flanked Meta 462 

PCB 135 PCB 95 Ortho Flanked Meta 459 

PCB 135 PCB 113 Single Flanked Ortho 492 

PCB 136 PCB 84 Unflanked Ortho 424 

PCB 136 PCB 95 Single Flanked Ortho 486 

PCB 136 PCB 96 Ortho Flanked Meta 449 

PCB 137 PCB 85 Para Flanked Meta 462 

PCB 137 PCB 86 Unflanked Para 371 

PCB 137 PCB 90 Doubly Flanked Para 517 

PCB 137 PCB 99 Doubly Flanked Meta 530 

PCB 137 PCB 114 Unflanked Ortho 409 

PCB 137 PCB 123 Single Flanked Ortho 494 

PCB 138 PCB 85 Para Flanked Meta 446 

PCB 138 PCB 87 Single Flanked Para 447 

PCB 138 PCB 97 Single Flanked Para 457 

PCB 138 PCB 99 Doubly Flanked Meta 514 

PCB 138 PCB 105 Unflanked Ortho 422 

PCB 138 PCB 118 Single Flanked Ortho 489 

PCB 139 PCB 85 Unflanked Ortho 446 

PCB 139 PCB 88 Unflanked Para 372 

PCB 139 PCB 91 Single Flanked Para 468 

PCB 139 PCB 99 Single Flanked Ortho 514 

PCB 139 PCB 100 Doubly Flanked Meta 492 

PCB 139 PCB 115 Unflanked Ortho 414 

PCB 140 PCB 85 Unflanked Ortho 424 

PCB 140 PCB 89 Unflanked Para 394 

PCB 140 PCB 98 Single Flanked Para 431 

PCB 140 PCB 100 Doubly Flanked Meta 470 

PCB 140 PCB 119 Single Flanked Ortho 477 

PCB 141 PCB 86 Unflanked Meta 368 

PCB 141 PCB 87 Para Flanked Meta 462 

PCB 141 PCB 92 Doubly Flanked Para 516 

PCB 141 PCB 101 Doubly Flanked Meta 519 

PCB 141 PCB 106 Unflanked Ortho 398 

PCB 141 PCB 124 Single Flanked Ortho 493 

PCB 142 PCB 86 Single Flanked Ortho 509 

PCB 142 PCB 88 Doubly Flanked Meta 527 

PCB 142 PCB 93 Doubly Flanked Para 539 

PCB 142 PCB 116 Unflanked Ortho 353 

PCB 143 PCB 86 Unflanked Ortho 398 

PCB 143 PCB 89 Para Flanked Meta 461 

PCB 143 PCB 94 Doubly Flanked Para 518 

PCB 143 PCB 102 Doubly Flanked Meta 516 

PCB 143 PCB 125 Single Flanked Ortho 496 

PCB 144 PCB 87 Unflanked Ortho 448 

PCB 144 PCB 88 Unflanked Meta 373 

PCB 144 PCB 95 Single Flanked Para 472 

PCB 144 PCB 101 Single Flanked Ortho 505 

PCB 144 PCB 103 Doubly Flanked Meta 522 

PCB 144 PCB 109 Unflanked Ortho 405 

PCB 145 PCB 88 Unflanked Ortho 410 

PCB 145 PCB 89 Unflanked Ortho 454 

PCB 145 PCB 96 Single Flanked Para 472 

PCB 145 PCB 102 Single Flanked Ortho 509 

PCB 145 PCB 104 Doubly Flanked Meta 521 

PCB 146 PCB 90 Para Flanked Meta 448 
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PCB 146 PCB 92 Single Flanked Para 449 

PCB 146 PCB 97 Unflanked Meta 404 

PCB 146 PCB 101 Ortho Flanked Meta 452 

PCB 146 PCB 107 Unflanked Ortho 427 

PCB 146 PCB 120 Single Flanked Ortho 478 

PCB 147 PCB 90 Single Flanked Ortho 521 

PCB 147 PCB 91 Ortho Flanked Meta 488 

PCB 147 PCB 93 Unflanked Para 404 

PCB 147 PCB 117 Unflanked Ortho 440 

PCB 148 PCB 90 Unflanked Ortho 432 

PCB 148 PCB 94 Unflanked Para 406 

PCB 148 PCB 98 Unflanked Meta 385 

PCB 148 PCB 103 Ortho Flanked Meta 454 

PCB 148 PCB 121 Single Flanked Ortho 491 

PCB 149 PCB 91 Para Flanked Meta 440 

PCB 149 PCB 95 Single Flanked Para 443 

PCB 149 PCB 97 Unflanked Ortho 429 

PCB 149 PCB 101 Single Flanked Ortho 477 

PCB 149 PCB 102 Ortho Flanked Meta 444 

PCB 149 PCB 110 Unflanked Ortho 421 

PCB 150 PCB 91 Unflanked Ortho 438 

PCB 150 PCB 96 Unflanked Para 404 

PCB 150 PCB 98 Unflanked Ortho 423 

PCB 150 PCB 103 Single Flanked Ortho 492 

PCB 150 PCB 104 Ortho Flanked Meta 454 

PCB 151 PCB 92 Single Flanked Ortho 496 

PCB 151 PCB 93 Unflanked Meta 378 

PCB 151 PCB 95 Ortho Flanked Meta 466 

PCB 151 PCB 112 Unflanked Ortho 411 

PCB 152 PCB 93 Unflanked Ortho 418 

PCB 152 PCB 94 Single Flanked Ortho 508 

PCB 152 PCB 96 Ortho Flanked Meta 468 

PCB 153 PCB 99 Para Flanked Meta 459 

PCB 153 PCB 101 Single Flanked Para 450 

PCB 153 PCB 118 Unflanked Ortho 434 

PCB 154 PCB 99 Unflanked Ortho 438 

PCB 154 PCB 100 Para Flanked Meta 416 

PCB 154 PCB 102 Unflanked Para 396 

PCB 154 PCB 103 Single Flanked Para 446 

PCB 154 PCB 119 Unflanked Ortho 423 

PCB 155 PCB 100 Unflanked Ortho 406 

PCB 155 PCB 104 Unflanked Para 398 

PCB 156 PCB 105 Para Flanked Meta 461 

PCB 156 PCB 106 Single Flanked Para 423 

PCB 156 PCB 107 Doubly Flanked Para 518 

PCB 156 PCB 114 Para Flanked Meta 431 

PCB 156 PCB 118 Doubly Flanked Meta 528 

PCB 156 PCB 126 Single Flanked Ortho 532 

PCB 157 PCB 105 Para Flanked Meta 449 

PCB 157 PCB 108 Doubly Flanked Para 493 

PCB 157 PCB 122 Single Flanked Para 444 

PCB 157 PCB 123 Doubly Flanked Meta 504 

PCB 157 PCB 126 Single Flanked Ortho 520 

PCB 158 PCB 105 Unflanked Ortho 437 

PCB 158 PCB 109 Single Flanked Para 419 

PCB 158 PCB 110 Single Flanked Para 464 

PCB 158 PCB 115 Para Flanked Meta 429 

PCB 158 PCB 118 Single Flanked Ortho 504 

PCB 158 PCB 119 Doubly Flanked Meta 514 

PCB 159 PCB 106 Unflanked Meta 379 

PCB 159 PCB 108 Para Flanked Meta 461 

PCB 159 PCB 111 Doubly Flanked Para 519 

PCB 159 PCB 120 Doubly Flanked Meta 525 

PCB 159 PCB 127 Single Flanked Ortho 523 

PCB 160 PCB 106 Single Flanked Ortho 512 

PCB 160 PCB 109 Doubly Flanked Meta 532 

PCB 160 PCB 112 Doubly Flanked Para 544 

PCB 160 PCB 116 Unflanked Meta 325 

PCB 161 PCB 108 Unflanked Ortho 473 

PCB 161 PCB 109 Unflanked Meta 411 

PCB 161 PCB 113 Single Flanked Para 511 

PCB 161 PCB 120 Single Flanked Ortho 537 

PCB 161 PCB 121 Doubly Flanked Meta 566 

PCB 162 PCB 107 Para Flanked Meta 452 
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PCB 162 PCB 111 Doubly Flanked Para 496 

PCB 162 PCB 122 Unflanked Meta 390 

PCB 162 PCB 124 Ortho Flanked Meta 451 

PCB 162 PCB 127 Single Flanked Ortho 500 

PCB 163 PCB 107 Single Flanked Ortho 496 

PCB 163 PCB 110 Ortho Flanked Meta 465 

PCB 163 PCB 112 Single Flanked Para 433 

PCB 163 PCB 117 Para Flanked Meta 436 

PCB 164 PCB 110 Para Flanked Meta 453 

PCB 164 PCB 113 Doubly Flanked Para 508 

PCB 164 PCB 122 Unflanked Ortho 421 

PCB 164 PCB 124 Single Flanked Ortho 482 

PCB 164 PCB 125 Ortho Flanked Meta 456 

PCB 165 PCB 111 Single Flanked Ortho 495 

PCB 165 PCB 112 Unflanked Meta 387 

PCB 165 PCB 113 Ortho Flanked Meta 475 

PCB 166 PCB 114 Single Flanked Ortho 507 

PCB 166 PCB 115 Doubly Flanked Meta 529 

PCB 166 PCB 116 Unflanked Para 313 

PCB 166 PCB 117 Doubly Flanked Para 534 

PCB 167 PCB 118 Para Flanked Meta 454 

PCB 167 PCB 120 Doubly Flanked Para 495 

PCB 167 PCB 123 Para Flanked Meta 442 

PCB 167 PCB 124 Single Flanked Para 443 

PCB 167 PCB 126 Unflanked Ortho 458 

PCB 168 PCB 119 Para Flanked Meta 447 

PCB 168 PCB 121 Doubly Flanked Para 507 

PCB 168 PCB 123 Unflanked Ortho 426 

PCB 168 PCB 125 Unflanked Para 400 

PCB 169 PCB 126 Para Flanked Meta 460 

PCB 169 PCB 127 Doubly Flanked Para 494 

PCB 170 PCB 128 Para Flanked Meta 467 

PCB 170 PCB 129 Single Flanked Para 449 

PCB 170 PCB 130 Doubly Flanked Para 516 

PCB 170 PCB 137 Doubly Flanked Meta 508 

PCB 170 PCB 138 Doubly Flanked Meta 525 

PCB 170 PCB 156 Single Flanked Ortho 486 

PCB 170 PCB 157 Single Flanked Ortho 498 

PCB 171 PCB 128 Unflanked Ortho 449 

PCB 171 PCB 131 Single Flanked Para 448 

PCB 171 PCB 132 Single Flanked Para 469 

PCB 171 PCB 138 Single Flanked Ortho 506 

PCB 171 PCB 139 Doubly Flanked Meta 506 

PCB 171 PCB 140 Doubly Flanked Meta 528 

PCB 171 PCB 158 Single Flanked Ortho 491 

PCB 172 PCB 129 Unflanked Meta 387 

PCB 172 PCB 130 Para Flanked Meta 454 

PCB 172 PCB 133 Doubly Flanked Para 505 

PCB 172 PCB 141 Ortho Flanked Meta 448 

PCB 172 PCB 146 Doubly Flanked Meta 515 

PCB 172 PCB 159 Single Flanked Ortho 467 

PCB 172 PCB 162 Single Flanked Ortho 490 

PCB 173 PCB 129 Single Flanked Ortho 525 

PCB 173 PCB 131 Doubly Flanked Meta 542 

PCB 173 PCB 134 Doubly Flanked Para 541 

PCB 173 PCB 142 Ortho Flanked Meta 445 

PCB 173 PCB 160 Single Flanked Ortho 473 

PCB 174 PCB 129 Unflanked Ortho 430 

PCB 174 PCB 132 Para Flanked Meta 468 

PCB 174 PCB 135 Doubly Flanked Para 518 

PCB 174 PCB 141 Single Flanked Ortho 492 

PCB 174 PCB 143 Ortho Flanked Meta 461 

PCB 174 PCB 149 Doubly Flanked Meta 534 

PCB 174 PCB 164 Single Flanked Ortho 502 

PCB 175 PCB 130 Unflanked Ortho 447 

PCB 175 PCB 131 Unflanked Meta 398 

PCB 175 PCB 135 Single Flanked Para 468 

PCB 175 PCB 144 Ortho Flanked Meta 456 

PCB 175 PCB 146 Single Flanked Ortho 508 

PCB 175 PCB 148 Doubly Flanked Meta 524 

PCB 175 PCB 161 Single Flanked Ortho 449 

PCB 176 PCB 131 Unflanked Ortho 428 

PCB 176 PCB 132 Unflanked Ortho 448 

PCB 176 PCB 136 Single Flanked Para 471 
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PCB 176 PCB 144 Single Flanked Ortho 485 

PCB 176 PCB 145 Ortho Flanked Meta 448 

PCB 176 PCB 149 Single Flanked Ortho 514 

PCB 176 PCB 150 Doubly Flanked Meta 516 

PCB 177 PCB 130 Single Flanked Ortho 495 

PCB 177 PCB 132 Ortho Flanked Meta 466 

PCB 177 PCB 134 Single Flanked Para 443 

PCB 177 PCB 147 Doubly Flanked Meta 482 

PCB 177 PCB 163 Single Flanked Ortho 487 

PCB 178 PCB 133 Single Flanked Ortho 525 

PCB 178 PCB 134 Unflanked Meta 423 

PCB 178 PCB 135 Ortho Flanked Meta 495 

PCB 178 PCB 151 Ortho Flanked Meta 488 

PCB 178 PCB 165 Single Flanked Ortho 511 

PCB 179 PCB 134 Unflanked Ortho 427 

PCB 179 PCB 135 Single Flanked Ortho 499 

PCB 179 PCB 136 Ortho Flanked Meta 472 

PCB 179 PCB 151 Single Flanked Ortho 492 

PCB 179 PCB 152 Ortho Flanked Meta 452 

PCB 180 PCB 137 Para Flanked Meta 448 

PCB 180 PCB 138 Para Flanked Meta 464 

PCB 180 PCB 141 Single Flanked Para 450 

PCB 180 PCB 146 Doubly Flanked Para 516 

PCB 180 PCB 153 Doubly Flanked Meta 519 

PCB 180 PCB 156 Unflanked Ortho 425 

PCB 180 PCB 167 Single Flanked Ortho 499 

PCB 181 PCB 137 Single Flanked Ortho 545 

PCB 181 PCB 139 Doubly Flanked Meta 562 

PCB 181 PCB 142 Unflanked Para 407 

PCB 181 PCB 147 Doubly Flanked Para 541 

PCB 181 PCB 166 Unflanked Ortho 447 

PCB 182 PCB 137 Unflanked Ortho 440 

PCB 182 PCB 140 Para Flanked Meta 479 

PCB 182 PCB 143 Unflanked Para 413 

PCB 182 PCB 148 Doubly Flanked Para 525 

PCB 182 PCB 154 Doubly Flanked Meta 533 

PCB 182 PCB 168 Single Flanked Ortho 509 

PCB 183 PCB 138 Unflanked Ortho 446 

PCB 183 PCB 139 Para Flanked Meta 446 

PCB 183 PCB 144 Single Flanked Para 445 

PCB 183 PCB 149 Single Flanked Para 474 

PCB 183 PCB 153 Single Flanked Ortho 500 

PCB 183 PCB 154 Doubly Flanked Meta 521 

PCB 183 PCB 158 Unflanked Ortho 431 

PCB 184 PCB 139 Unflanked Ortho 435 

PCB 184 PCB 140 Unflanked Ortho 457 

PCB 184 PCB 145 Unflanked Para 397 

PCB 184 PCB 150 Single Flanked Para 465 

PCB 184 PCB 154 Single Flanked Ortho 511 

PCB 184 PCB 155 Doubly Flanked Meta 521 

PCB 185 PCB 141 Single Flanked Ortho 526 

PCB 185 PCB 142 Unflanked Meta 385 

PCB 185 PCB 144 Doubly Flanked Meta 540 

PCB 185 PCB 151 Doubly Flanked Para 545 

PCB 185 PCB 160 Unflanked Ortho 412 

PCB 186 PCB 142 Unflanked Ortho 420 

PCB 186 PCB 143 Single Flanked Ortho 531 

PCB 186 PCB 145 Doubly Flanked Meta 538 

PCB 186 PCB 152 Doubly Flanked Para 541 

PCB 187 PCB 146 Single Flanked Ortho 499 

PCB 187 PCB 147 Para Flanked Meta 426 

PCB 187 PCB 149 Ortho Flanked Meta 474 

PCB 187 PCB 151 Single Flanked Para 452 

PCB 187 PCB 163 Unflanked Ortho 430 

PCB 188 PCB 147 Unflanked Ortho 411 

PCB 188 PCB 148 Single Flanked Ortho 499 

PCB 188 PCB 150 Ortho Flanked Meta 461 

PCB 188 PCB 152 Unflanked Para 397 

PCB 189 PCB 156 Para Flanked Meta 451 

PCB 189 PCB 157 Para Flanked Meta 463 

PCB 189 PCB 159 Doubly Flanked Para 495 

PCB 189 PCB 162 Doubly Flanked Para 517 

PCB 189 PCB 167 Doubly Flanked Meta 525 

PCB 189 PCB 169 Single Flanked Ortho 524 
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PCB 190 PCB 156 Single Flanked Ortho 519 

PCB 190 PCB 158 Doubly Flanked Meta 542 

PCB 190 PCB 160 Single Flanked Para 430 

PCB 190 PCB 163 Doubly Flanked Para 541 

PCB 190 PCB 166 Para Flanked Meta 442 

PCB 191 PCB 157 Unflanked Ortho 480 

PCB 191 PCB 158 Para Flanked Meta 491 

PCB 191 PCB 161 Doubly Flanked Para 500 

PCB 191 PCB 164 Single Flanked Para 503 

PCB 191 PCB 167 Single Flanked Ortho 541 

PCB 191 PCB 168 Doubly Flanked Meta 558 

PCB 192 PCB 159 Single Flanked Ortho 561 

PCB 192 PCB 160 Unflanked Meta 428 

PCB 192 PCB 161 Doubly Flanked Meta 549 

PCB 192 PCB 165 Doubly Flanked Para 585 

PCB 193 PCB 162 Single Flanked Ortho 542 

PCB 193 PCB 163 Para Flanked Meta 498 

PCB 193 PCB 164 Ortho Flanked Meta 511 

PCB 193 PCB 165 Doubly Flanked Para 543 

PCB 194 PCB 170 Para Flanked Meta 469 

PCB 194 PCB 172 Doubly Flanked Para 531 

PCB 194 PCB 180 Doubly Flanked Meta 529 

PCB 194 PCB 189 Single Flanked Ortho 503 

PCB 195 PCB 170 Single Flanked Ortho 520 

PCB 195 PCB 171 Doubly Flanked Meta 538 

PCB 195 PCB 173 Single Flanked Para 444 

PCB 195 PCB 177 Doubly Flanked Para 542 

PCB 195 PCB 181 Doubly Flanked Meta 483 

PCB 195 PCB 190 Single Flanked Ortho 487 

PCB 196 PCB 170 Unflanked Ortho 445 

PCB 196 PCB 171 Para Flanked Meta 463 

PCB 196 PCB 174 Single Flanked Para 464 

PCB 196 PCB 175 Doubly Flanked Para 514 

PCB 196 PCB 180 Single Flanked Ortho 505 

PCB 196 PCB 182 Doubly Flanked Meta 513 

PCB 196 PCB 183 Doubly Flanked Meta 524 

PCB 196 PCB 191 Single Flanked Ortho 463 

PCB 197 PCB 171 Unflanked Ortho 453 

PCB 197 PCB 176 Single Flanked Para 473 

PCB 197 PCB 183 Single Flanked Ortho 513 

PCB 197 PCB 184 Doubly Flanked Meta 524 

PCB 198 PCB 172 Single Flanked Ortho 563 

PCB 198 PCB 173 Unflanked Meta 425 

PCB 198 PCB 175 Doubly Flanked Meta 569 

PCB 198 PCB 178 Doubly Flanked Para 543 

PCB 198 PCB 185 Ortho Flanked Meta 485 

PCB 198 PCB 192 Single Flanked Ortho 469 

PCB 199 PCB 172 Single Flanked Ortho 540 

PCB 199 PCB 174 Ortho Flanked Meta 496 

PCB 199 PCB 177 Para Flanked Meta 499 

PCB 199 PCB 178 Doubly Flanked Para 520 

PCB 199 PCB 187 Doubly Flanked Meta 556 

PCB 199 PCB 193 Single Flanked Ortho 487 

PCB 200 PCB 173 Unflanked Ortho 426 

PCB 200 PCB 174 Single Flanked Ortho 521 

PCB 200 PCB 176 Doubly Flanked Meta 541 

PCB 200 PCB 179 Doubly Flanked Para 540 

PCB 200 PCB 185 Single Flanked Ortho 487 

PCB 200 PCB 186 Ortho Flanked Meta 451 

PCB 201 PCB 175 Single Flanked Ortho 502 

PCB 201 PCB 176 Ortho Flanked Meta 472 

PCB 201 PCB 177 Unflanked Ortho 455 

PCB 201 PCB 179 Single Flanked Para 472 

PCB 201 PCB 187 Single Flanked Ortho 512 

PCB 201 PCB 188 Doubly Flanked Meta 527 

PCB 202 PCB 178 Single Flanked Ortho 464 

PCB 202 PCB 179 Ortho Flanked Meta 459 

PCB 203 PCB 180 Single Flanked Ortho 522 

PCB 203 PCB 181 Para Flanked Meta 424 

PCB 203 PCB 183 Doubly Flanked Meta 540 

PCB 203 PCB 185 Single Flanked Para 446 

PCB 203 PCB 187 Doubly Flanked Para 540 

PCB 203 PCB 190 Unflanked Ortho 429 

PCB 204 PCB 181 Unflanked Ortho 411 
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PCB 204 PCB 182 Single Flanked Ortho 516 

PCB 204 PCB 184 Doubly Flanked Meta 538 

PCB 204 PCB 186 Unflanked Para 398 

PCB 204 PCB 188 Doubly Flanked Para 542 

PCB 205 PCB 189 Single Flanked Ortho 534 

PCB 205 PCB 190 Para Flanked Meta 466 

PCB 205 PCB 191 Doubly Flanked Meta 517 

PCB 205 PCB 192 Doubly Flanked Para 468 

PCB 205 PCB 193 Doubly Flanked Para 509 

PCB 206 PCB 194 Single Flanked Ortho 551 

PCB 206 PCB 195 Para Flanked Meta 499 

PCB 206 PCB 196 Doubly Flanked Meta 574 

PCB 206 PCB 198 Doubly Flanked Para 518 

PCB 206 PCB 199 Doubly Flanked Para 542 

PCB 206 PCB 203 Doubly Flanked Meta 557 

PCB 206 PCB 205 Single Flanked Ortho 520 

PCB 207 PCB 195 Unflanked Ortho 433 

PCB 207 PCB 196 Single Flanked Ortho 508 

PCB 207 PCB 197 Doubly Flanked Meta 519 

PCB 207 PCB 200 Single Flanked Para 451 

PCB 207 PCB 201 Doubly Flanked Para 519 

PCB 207 PCB 203 Single Flanked Ortho 492 

PCB 207 PCB 204 Doubly Flanked Meta 505 

PCB 208 PCB 198 Single Flanked Ortho 476 

PCB 208 PCB 199 Single Flanked Ortho 500 

PCB 208 PCB 200 Ortho Flanked Meta 475 

PCB 208 PCB 201 Doubly Flanked Meta 544 

PCB 208 PCB 202 Doubly Flanked Para 556 

PCB 209 PCB 206 Single Flanked Ortho 490 

PCB 209 PCB 207 Doubly Flanked Meta 556 

PCB 209 PCB 208 Doubly Flanked Para 532 
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