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ABSTRACT 
 
 

DISTRIBUTION AND SOURCE IDENTIFICATION OF POLYCHLORINATED 

DIBENZO-P-DIOXINS AND POLYCHLORINATED DIBENZOFURANS  

IN SURFACE SOILS AND CHICKEN EGGS IN THE  

VICINITY OF OROVILLE, CALIFORNIA 

by 
 

 Jessica J. Kolstad  
 

Master of Science in Geosciences  
 

California State University, Chico 
 

Spring 2016 
 
 

Polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans 

(PCDD/PCDF) are persistent, toxic and bioaccumulative pollutants that enter the food 

chain through aerial deposition of combustion and industrial emissions. There are 

multiple PCDD/PCDF point sources in the small northern California city of Oroville, 

including several former wood treatment facilities and a former waste-to-energy 

cogeneration plant. Surface soil samples were collected throughout the Oroville area to 

determine the current extent and distribution of aerially deposited PCDD/PCDF (n=38). 

Recently collected chicken egg samples (n=14) were also compared to understand the 

relationship between PCDD/PCDF in soil and PCDD/PCDF in eggs produced by 

chickens foraging on impacted soils. Results ranged from 0.018 to 1,000 ppt Toxic 
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Equivalents (TEQ) for soils and 0.004 to 14.7 ppt TEQ for eggs, and averaged 63.9 and 

2.58 ppt TEQ, respectively. Elevated areas of PCDD/PCDF in soil did not coincide with 

elevated areas of PCDD/PCDF in chicken eggs, suggesting that bioaccumulation can 

occur even when chickens are exposed to moderate levels of PCDD/PCDF in soil.  

Hierarchical cluster analysis (HCA) was used to compare soil and egg 

PCDD/PCDF congener toxicity patterns to waste ash, air emissions and soils collected 

from local PCDD/PCDF point sources. The collected soil and egg samples resembled at 

least one of two distinct PCDD/PCDF sources: a former wood treatment plant and a 

former cogeneration plant. Samples associated with both PCDD/PCDF point sources 

exhibited distinctly different distribution patterns, which were consistent with the varying 

congener compositions and emission conditions at the two facilities. PCDD/PCDF 

associated with the former cogeneration plant were broadly distributed over a large area 

while PCDD/PCDF from the former wood treatment facility were deposited closer to the 

facility and only along the direction of prevailing wind.   

PCDD/PCDF were identified in soils and correlated with known point sources 

15 years after PCDD/PCDF were emitted, indicating PCDD/PCDF are persistent in soils 

and leave a toxic legacy long after deposited. These findings have great implications for 

residents who raise and consume home-produced animal products in the Oroville area 

and may be exposed to PCDD/PCDF through bioaccumulation.
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CHAPTER I 

INTRODUCTION 

Physical Properties and Sources 

Polychlorinated dibenzo-p-dioxins (PCDD, dioxins) and polychlorinated dibenzofurans 

(PCDF, furans) consist of 210 structurally similar chlorinated aromatic compounds (congeners) 

that are found as complex mixtures in the environment (Schecter, 2012).  PCDD/PCDF are 

persistent organic pollutants that form as unintentional by-products during various industrial and 

combustion processes (Shields et al., 2006).  Specifically, PCDD/PCDF are created during the 

incomplete combustion of chlorinated organic substances such as the wood preservative 

pentachlorophenol (PCP) or polyvinyl chloride (PVC) plastic. PCDD/PCDF are also generated 

as side-products during chemical synthesis of various herbicides, pesticides and chlorophenols 

(Fiedler, 2003).  Major industrial processes that result in the synthesis of PCDD/PCDF include 

municipal solid waste incineration, medical waste incineration, power generating facilities, the 

pulp and paper industry, cement kilns, backyard barrel burning, and industrial wood combustion 

(Shields et al., 2006; Kulkarni et al., 2008).  

Of the 210 PCDD/PCDF compounds, 17 congeners are particularly toxic and persistent 

in the environment (Van den Berg, 2006). These congeners have chlorine atoms situated in the 

2,3,7 and 8 positions of the aryl hydrocarbon parent molecule (Fig. 1). Due to their planar 

configuration, 2,3,7,8–chlorinated PCDD/PCDF compounds are resistant to physical, chemical, 

and biological degradation (Fiedler 2003; Schecter, 2012). Their high lipophilicity and low water 

solubility characteristics of 2,3,7,8-chlorinated congeners enable them to adhere to organic 
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matter and subsequently bioaccumulate in organic soils and fatty tissues of organisms (Fiedler, 

2003). 

 

 

Figure 1. Structure of 2,3,7,8-chlorinated dibenzo-p-dioxin (left) and dibenzofuran (right) 
(Shields et al., 2006) 

 

Toxic Equivalents 

Although PCDD/PCDF congeners exhibit similar structural and behavioral properties, 

individual congeners vary in relative toxicity. To simplify regulatory oversight and risk 

assessment, PCDD/PCDF are often collectively represented by one toxicity-weighted value 

(“Toxic-Equivalent” or “TEQ”) based on individual congener toxicity equivalency factors 

(TEFs), ranging from 0 to 1 (Van den Berg, 1998). Each 2,3,7,8-chlorinated congener 

concentration is multiplied by its respective TEF to determine its toxicity relative to the most 

toxic PCDD congener, tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD, TEF=1). The relative 

toxicities of all 17 congeners are summed to obtain an overall toxicity value, or TEQ, per sample 

(Van den Berg, 1998; Van den Berg, 2006; U.S. EPA, 2010). The TEFs utilized in this study 

were established by the World Health Organization (WHO) in 2005 (Van den Berg et al., 2006) 

and have been internationally recognized as the most appropriate approach for evaluating 

PCDD/PCDF risk (Schecter et al., 2006). The current 2005 WHO TEFs replaced slightly 

different toxicity values established by the WHO in 1998 (Van den Berg et al., 1998) and the 

preceding International Toxic Equivalency (I-TEQ) system established in 1988 (NATO/CCMS, 
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1988). Although these three TEQ systems are similar, relative toxicity values have been 

periodically modified to reflect the current scientific knowledge of PCDD/PCDF congener 

toxicity (Table 1). 

Table 1. PCDD/PCDF Congeners, Acronyms and Toxic Equivalency Factors (TEFs) 

PCDD/PCDF Congener Congener Acronym 
NATO 
1989 I-
TEF1 

WHO 
1998 
TEF2 

WHO 
2005 
TEF3 

2,3,7,8-Tetrachlorodibenzo-p-dioxin 2,3,7,8-TCDD 1 1 1 
1,2,3,7,8-Pentachlorodibenzo-p-dioxin 1,2,3,7,8-PeCDD 0.5 1 1 
1,2,3,4,7,8-Hexachlorodibenzo-p-dioxin 1,2,3,4,7,8-HxCDD 0.1 0.1 0.1 
1,2,3,6,7,8-Hexachlorodibenzo-p-dioxin 1,2,3,6,7,8-HxCDD 0.1 0.1 0.1 
1,2,3,7,8,9-Hexachlorodibenzo-p-dioxin 1,2,3,7,8,9-HxCDD 0.1 0.1 0.1 
1,2,3,4,6,7,8-Heptachlorodibenzo-p-dioxin 1,2,3,4,6,7,8-HpCDD 0.1 0.01 0.01 
1,2,3,4,6,7,8,9-Octachlorodibenzo-p-dioxin 1,2,3,4,6,7,8,9-OCDD 0.001 0.0001 0.0003 
2,3,7,8-Tetrachlorodibenzofuran 2,3,7,8-TCDF 0.1 0.1 0.1 
1,2,3,7,8-Pentachlorodibenzofuran 1,2,3,7,8-PeCDF 0.05 0.05 0.03 
2,3,4,7,8-Pentachlorodibenzo 2,3,4,7,8-PeCDF 0.5 0.5 0.3 
1,2,3,4,7,8-Hexachlorodibenzofuran 1,2,3,4,7,8-HxCDF 0.1 0.1 0.1 
1,2,3,6,7,8-Hexachlorodibenzofuran 1,2,3,6,7,8-HxCDF 0.1 0.1 0.1 
2,3,4,6,7,8-Hexachlorodibenzofuran 2,3,4,6,7,8-HxCDF 0.1 0.1 0.1 
1,2,3,7,8,9-Hexachlorodibenzofuran 1,2,3,7,8,9-HxCDF 0.1 0.1 0.1 
1,2,3,4,6,7,8-Heptachlorodibenzo furan 1,2,3,4,6,7,8-HpCDF 0.01 0.01 0.01 
1,2,3,4,7,8,9-Heptachlorodibenzo furan 1,2,3,4,7,8,9-HpCDF 0.01 0.01 0.01 
1,2,3,4,6,7,8,9-Octachlorodibenzofuran 1,2,3,4,6,7,8,9-OCDF 0.001 0.0001 0.0003 

1 North Atlantic Treaty Organization Committee on the Challenges of Modern Society (NATO/CCMS), 1988. 
2	  Van den Berg et al., 1998.  
3 Van den Berg et al., 2006.  

 

Human Health Effects 

Dioxins and furans are associated with a wide range of adverse health effects, including 

carcinogenicity, immunotoxicity, reproductive toxicity, neurotoxicity, and developmental 

toxicity (OEHHA, 2001; IARC, 1997). Chronic exposure to PCDD/PCDF can result in 
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endocrine disruption, thyroid disorders, liver damage, and altered testosterone levels (U.S. EPA, 

2000; Schecter et al., 2006). PCDD/PCDF are transferred maternally through the placenta, 

umbilical cord, and breast milk and can result in exacerbated adverse effects during the early 

developmental stages of fetuses and infants (IARC, 1997; U.S. EPA 2000; OEHHA, 2001; Mori 

et al., 2014). The half-life of PCDD/PCDF in human blood serum ranges from seven to eleven 

years, depending on age, weight and lifestyle habits (U.S. EPA, 2000; Garabrant et al., 2009). 

PCDD/PCDF is generally more persistent in individuals with increased body fat and eliminated 

more rapidly in children and individuals who routinely smoke cigarettes (Milbrath et al., 2009). 

Due to the long half-life and bioaccumulative properties of PCDD/PCDF, prolonged exposure to 

background levels has resulted in detectable levels of PCDD/PCDF in all humans (Schecter et 

al., 2006). PCDD/PCDF concentration in human blood serum is positively correlated with age 

and higher for individuals living in industrial areas (OEHHA, 2001; Schecter et al., 2006).  

Human and Animal Exposure 

Humans are exposed to PCDD/PCDF primarily through consumption of PCDD/PCDF-

contaminated animal products, including fish, meat, animal-derived fats, dairy products and eggs 

(Fiedler, 2003; Demond et al., 2011). PCDD/PCDF enter the food chain through aerial 

deposition of industrial and combustion emissions onto plants, feed, and soils, which are 

subsequently consumed by animals (Shields et al., 2006). Over time, consumption of low levels 

of PCDD/PCDF in feed and/or ingested soil results in bioaccumulation of PCDD/PCDF in 

animal tissue, eggs and milk (Schecter et al., 2001; Bilau et al., 2008; Schecter, 2012). This 

process occurs at background levels worldwide, but is exacerbated near PCDD/PCDF point 

sources such as municipal incinerators (Grundy et al., 1997; Towey et al., 2010). Animals raised 
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on PCDD/PCDF-contaminated soils contain significantly more PCDD/PCDF in derived meat 

products than animals on soils with background levels of PCDD/PCDF (Demond et al., 2011). 

This process is magnified in animals that inadvertently consume large quantities of soil, such as 

cows and chickens (Stephens et al., 1995).  Chickens allowed to free-range on soils with low 

levels of PCDD/PCDF have been found to produce elevated levels of PCDD/PCDF in eggs 

(Stephens et al., 1995; Harnly et al., 2000; Fiedler, 2003; Hoogenbroom et al., 2006). When 

exposed to PCDD/PCDF-contaminated soils, chickens respond by producing eggs with 

increasing concentrations of PCDD/PCDF before reaching an apparent steady state of 

approximately 20 days (Stephens et al., 1995). Once the PCDD/PCDF source is removed, 

PCDD/PCDF are eliminated at a rate 7-8 times slower (depuration time ~ 150 days), resulting in 

the production of PCDD/PCDF-contaminated eggs long after chickens are exposed to 

PCDD/PCDF (Stephens et al., 1995). 

 Consumption of eggs from chickens raised on contaminated soil increases PCDD/PCDF 

in human tissues and blood serum (Harnly et al., 2000; Schoeters and Hoogenboom et al., 2006). 

Previous risk assessments identified a 10-4 increased lifetime excess cancer risk based on the 

consumption of 3-4 eggs per week (approx. 30 g egg/day) contaminated by 1.0 pg/g or ppt I-

TEQ PCDD/PCDF (Harnly et al., 2000). Eggs with 1.0 ppt I-TEQ PCDD/PCDF have been 

associated with chickens foraging on soils contaminated with a little as 0.38 - 42 pg/gsoil or ppt I-

TEQ PCDD/PCDF (Goldman et al., 1989; Stephens et al., 1995; Harnly et al., 2000). Due to the 

toxic and bioaccumulative properties of PCDD/PCDF in the food chain, the California 

Department of Toxic Substances Control established a recommended ceiling value of 40 ppt 

TEQ for PCDD/PCDF in agricultural soils (DTSC, 2009). This value is referenced throughout 
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this study as the maximum level recommended for soil in chicken enclosures and free-range 

pastures. 

Although average PCDD/PCDF emissions have been reduced more than 90% in the last 

several decades (Urban et al., 2014), large quantities persist in soils (Bruzy and Hites, 1995). 

Localized PCDD/PCDF contamination can be remediated using solvents, liquefied gases or 

subcritical water; however these processes are expensive and energy demanding. As a result, 

large-scale remediation of PCDD/PCDF-contaminated soils is generally considered infeasible 

(Kulkarni, 2008).   

Environmental Fate and Source Characterization 

A majority of PCDD/PCDF found in the environment is attributed to aerial deposition of 

partially-combusted materials and industrial emissions (Kjeller and Rappe, 1995; Fiedler, 2003; 

Schecter, 2012). Once emitted, dioxins undergo advection, dispersion and diffusion, and can 

travel long distances in the atmosphere prior to deposition (Bartlett et al., 2000). Previously 

deposited PCDD/PCDF can be re-emitted and additionally transported through successive 

evaporation cycles, a process commonly referred to as the “grass hopper effect” (Booth et al., 

2013). Due to this process, PCDD/PCDF are ubiquitous in background levels worldwide 

(Fielder, 2003; U.S. EPA, 2007) and are observed in Artic soils approximately 500 km from the 

nearest PCDD/PCDF source (Bartlett et al., 2000). Not all congeners behave similarly during 

atmospheric transport. The highly chlorinated and less toxic congener 1,2,3,4,6,7,8,9-OCDD 

(OCDD) is more likely to adhere to airborne particles and potentially fall out of suspension 

closer to sources than the lighter, less chlorinated and more toxic congener TCDD (Bartlett et al., 

2000). 
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Different industrial and combustion processes result in distinct patterns of PCDD/PCDF 

congeners. These congener patterns or “signatures” have often been used to trace contaminated 

soil samples back to known point sources (Paustenbach et al.). Due to PCDD/PCDF persistence 

in soils (half-lives ~ 30-100 years), congener signature analyses allow for the identification of 

PCDD/PCDF sources years after deposition (Paustenbach et al., 1992; Suzuki et al., 2000; 

Towey et al., 2012). Specific congener half-lives are not well documented for soil but have been 

estimated for sediment (Sinkkonen and Paasivirta, 2000), which are assumed to be representative 

of half-lives in soil (Table 2). In general, dioxins (PCDD) have longer half-lives in sediment/soil 

than furans (PCDF) and highly chlorinated congeners such as OCDD are particularly persistent 

in sediment or soil.  

Table 2. Estimated PCDD/PCDF congener half-lives in sediment (Sinkkonen and Paasivirta, 
2000). Congener acronyms defined in Table 1. 

Congener Acronym Estimated Half-Life (years) 
2,3,7,8-TCDD 102.7 

1,2,3,7,8-PeCDD 114.1 
1,2,3,4,7,8-HxCDD 273.8 
1,2,3,6,7,8-HxCDD 62.7 
1,2,3,7,8,9-HxCDD 79.9 

1,2,3,4,6,7,8-HpCDD 102.7 
1,2,3,4,6,7,8,9-OCDD 148.3 

2,3,7,8-TCDF 62.7 
1,2,3,7,8-PeCDF 51.3 
2,3,4,7,8-PeCDF 62.7 

1,2,3,4,7,8-HxCDF 68.4 
1,2,3,6,7,8-HxCDF 79.9 
2,3,4,6,7,8-HxCDF 51.3 
1,2,3,7,8,9-HxCDF 57.0 

1,2,3,4,6,7,8-HpCDF 39.9 
1,2,3,4,7,8,9-HpCDF 34.2 
1,2,3,4,6,7,8,9-OCDF 28.5 
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Congener signatures have also been used to correlate PCDD/PCDF in animal products with 

contaminated soil or feed (Stephens et al., 1995).  In organisms, specific congener patterns may 

be distorted according to species-, congener-, and dose-specific properties (Van den Berg et al., 

1994), resulting in biomagnification of certain congeners and attenuation of others (Stephens et 

al., 1995). In general, specific congener carry-over rates decrease with increasing degree of 

chlorination, meaning less-chlorinated, more toxic PCDD/PCDF congeners such as 

2,3,7,8,TCDD and 1,2,3,7,8-PeCDD are more readily transferred from feed into animal products 

(Fielder, 2003; Petreas et al., 1996; Schuler et al., 1997). Previous studies have identified specific 

PCDD/PCDF congener carry-over rates from PCDD/PCDF-contaminated soils to chicken eggs 

(Stephens et al., 1995; Petreas et al., 1996; Schuler et al., 1997) as summarized in Table 3. 

Although specific congener transfer rates vary throughout the literature, lower-chlorinated 

congeners such as 1,2,3,7,8-PeCDF are generally more readily transferred into eggs than highly 

chlorinated congeners such as OCDD and OCDF. 

History of PCDD/PCDF in Oroville 

Several studies have observed elevated levels of PCDD/PCDF in surface soil, meat, eggs 

and human blood serum in Oroville, California following a large pentachlorophenol (PCP) fire at 

a wood treatment facility in 1987 (Petreas et al., 1996; Stephens et al., 1995; Goldman et al., 

2000; Harnly et al., 2000). These findings resulted in public health notices advising residents to 

avoid consumption of home-produced meat and eggs in Oroville (CDHS, 1991; CDHS, 2004). 

At the time, a majority of the PCDD/PCDF contamination was attributed to the 1988 PCP fire; 

however, frozen beef samples from a locally raised cow butchered the previous year indicated 

that PCDD/PCDF contamination preceded the 1987 fire (Harnly et al., 2000). 
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Table 3. Reported PCDD/PCDF carry-over rates from soil to chicken eggs. Displayed rates are 
PCDD/PCDF in eggs divided by PCDD/PCDF in soil.  

Congener Acronym pg/g(fat) 
pg/g   1 

pg/g(fat) 
pg/g   2  

pg/g(egg) 
pg/g   3 

Low Exposure* 

pg/g(egg) 
pg/g   3 

High Exposure** 

2,3,7,8-TCDD NA 1.2 NA 2.71 
1,2,3,7,8-PeCDD 0.41 2.4 1.26 2.14 

1,2,3,4,7,8-HxCDD 0.52 1.5 1.33 2.06 
1,2,3,6,7,8-HxCDD 0.53 1.6 1.95 1.68 
1,2,3,7,8,9-HxCDD 0.36 0.8 0.99 1.06 

1,2,3,4,6,7,8-HpCDD 0.3 0.4 1.01 1.16 
1,2,3,4,6,7,8,9-OCDD 0.14 0.1 0.8 0.45 

2,3,7,8-TCDF 0.25 3.3 0.51 1.64 
1,2,3,7,8-PeCDF 1.37 4.4 4.47 - 
2,3,4,7,8-PeCDF 0.67 0.8 1.92 2.55 

1,2,3,4,7,8-HxCDF 0.61 0.9 1.67 2.05 
1,2,3,6,7,8-HxCDF 0.53 1 1.73 2.06 
2,3,4,6,7,8-HxCDF 0.26 0.2 0.58 1.23 
1,2,3,7,8,9-HxCDF NA 0.1 NA NA 

1,2,3,4,6,7,8-HpCDF 0.22 0.2 0.66 0.95 
1,2,3,4,7,8,9-HpCDF 0.16 0.1 0.48 1.1 
1,2,3,4,6,7,8,9-OCDF 0.09 0.1 0.29 0.36 
1 Petreas et al., 1996   NA: No data / data below quantitation limit 
2 Schuler et al., 1997  *Chickens exposed to soil with 42 pg/g I-TEQ PCDD/PCDF 
3 Stephens et al., 1995  **Chickens exposed to soil with 460 pg/g I-TEQ PCDD/PCDF 

 

Sampling results indicated that PCDD/PCDF concentrations in soil were consistent with 

widespread aerial deposition, not impacted by land cover and did not significantly change 

between 1988 and 1994 (Harnly et al., 2000), however the source and extent of PCDD/PCDF 

contamination has not been identified or investigated since 1994.  

The objectives of this research are to 1) determine the current extent and distribution of 

PCDD/PCDF in soils throughout the Oroville area, 2) better understand the relationship between 

PCDD/PCDF in soils and PCDD/PCDF in eggs produced by chickens foraging on impacted 
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soils, and 3) correlate soil samples with known point source samples through hierarchical cluster 

analysis and comparison of PCDD/PCDF congener signatures.  
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CHAPTER II  

METHODOLOGY 

Sampling Location and Background 

Samples were collected from the townships of Thermalito, Palermo and Oroville in Butte 

County, northern California (Fig. 2).  The sampling area is situated between the eastern central 

valley and the western foothills of the Sierra Nevada mountain range. Topographic elevation 

generally increases to the northeast, from an elevation of approximately 45 meters above sea 

level near the Feather River to approximately 110 meters in the foothills.  The Oroville area has a 

warm and temperate climate and receives an average annual precipitation of 78 cm, primarily as 

rainfall between October and April (NOAA, 2010). Mean temperatures fluctuate from a 

minimum of 3.9°C (39.0°F) in January to a high of 35.3° C (95.5°F) in July (NOAA, 2010). The 

region experiences diverse wind patterns, with dominant winds generally flowing south-

southeast to north-northwest (NOAA, 2016).  

In the late 1800s and early to mid-1900s, the Oroville area was heavily influenced by 

hydraulic mining and heavy dredging of the nearby Feather River. As a result of these activities, 

regional soils largely consist of xerothents (tailings) from historic mining activities and gravelly 

loams derived from igneous and metamorphic rocks (NRCS, 2016).  Following the gold rush, the 

dominant industrial activity in the area was lumber and wood processing (ERC, 1990), an 

industry often associated with production of PCDD/PCDF (Harnly et al., 2000; Shields et al., 

2006).    
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Figure 2. Sampling area – Thermalito, Palermo and Oroville, Butte County, California 
Base Image: Google Earth. 39.488376, -121.553390. April 14, 2015. December 12, 2015
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Figure 2. Sampling area and potential PCDD/PCDF sources in Thermalito, Oroville and Palermo, 
Butte County, California. 
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Potential PCDD/PCDF Sources in Oroville 

In the late 1980s, six major industrial wood processing sites and at least four historical 

“tepee” burners (metal structures used until the 1980s to burn waste wood materials) operated in 

the Oroville area (ERC, 1990). As a general practice, the wood processing industry periodically 

combusted excess saw dust and waste wood products, many of which were treated with the 

fungicide pentachlorophenol (PCP), a chemical that synthesizes PCDD/PCDF when heated 

(Rappe et al., 1978).  Recognized PCDD/PCDF-generating facilities in Oroville include two 

former wood treatment facilities and federal Superfund sites: Koppers Industries, Inc. and 

Louisiana Pacific Co., and a former cogeneration plant: Pacific Oroville Power, Inc. (POPI). 

Koppers Wood Treatment Facility  

A well-documented PCDD/PCDF point source in the Oroville area is the Koppers 

Superfund site, a former wood treatment facility that operated from 1948 to 2001 and historically 

utilized PCP, creosote, chromium, and arsenates in the wood preservation process (ERC, 1990). 

Two large fires occurred at the site in 1963 and 1987, resulting in the combustion of PCP the 

subsequent release of PCDD/PCDF to the atmosphere (Rappe et al., 1978; Goldman et al., 1989; 

U.S. EPA, 1989). During the 1987 fire, approximately 6,000 gallons of PCP were combusted 

over a six and a half hour period. Air modeling indicated the smoke plume rose 50-60 meters 

into the atmosphere and extended ~30 km north of Koppers (towards Thermalito) before shifting 

~ 35 km southwest of Koppers (Draper et al., 1988). Following the fire, a sample was collected 

from what remained of the pyrolyzed PCP-product, which was found to contain as much as 321 

ppm I-TEQ PCDD/PCDF (Draper et al., 1988). The site was designated a federal Superfund site 

for PCP, PCDD/PCDF, and other contaminants and two consolidation cells were constructed 
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(1995, 2002) to encapsulate PCDD/PCDF-contaminated soils. In addition to the two large fire 

events, PCDD/PCDF were also identified in aerial emissions collected from the facility’s onsite 

wood-fired boiler (CARB 1990a).  

Pacific Oroville Power Cogeneration Plant  

Pacific Oroville Power Inc. (POPI) is a former cogeneration plant that operated in south 

Oroville from 1987 to 2012. The facility was originally designed to generate electricity through 

the combustion of local agricultural waste (e.g. rice hulls), however the facility gradually began 

accepting alterative fuel sources such as forest slash and urban waste. Air emissions collected 

from the facility’s boiler air stack in 1988 and 2009 contained PCDD/PCDF. In 2012, elevated 

levels of PCDD/PCDF (1,370 - 2,690 ppt TEQ) were identified in bottom ash and fly ash from 

the facility’s boiler (Lane, 2010). It was later determined that waste ash from the facility was 

being utilized as an agricultural amendment for orchard and row crops at several properties 

throughout Butte County (Lane, 2012). 

Louisiana Pacific Lumber Co. 

The Louisiana Pacific wood processing plant historically operated a tepee burner, a dry 

kiln, a wood-fired boiler and a log deck/pond. From 1970-1984, the facility applied large 

quantities of PCP-containing fungicides to sawn lumber (U.S. EPA, 1995). In 1986, the Butte 

County Air Pollution Control Board issued Louisiana Pacific a “cease and desist” notice 

regarding the burning of PCP-contaminated sawdust at the site (ERC, 1990), however 

PCDD/PCDF were still identified in air emissions collected from the facility’s boiler in 1988 

(NCASI, 1995). The site was listed as an U.S. EPA Superfund site in 1986 for contamination of 
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PCP, dioxins and furans. The site operated from 1970 to 2001 and was delisted as a U.S. EPA 

Superfund site in 1996. 

Additional PCDD/PCDF Sources 

Additional potential PCDD/PCDF sources include open burning of domestic waste in 

barrels (Lemieux et al., 2000), a common practice in the Oroville area prior to barrel burning 

regulations in 2004. Backyard barrel burning has been identified as one of the largest 

contributors to PCDD/PCDF emissions and can result in localized areas of varying PCDD/PCDF 

congener composition (Shields et al., 2006).  Other potential area sources include mosquito 

abatement activities, vehicle emissions, railroad yard fires, combustion of chlorine-containing 

materials for metal recovery, and historical use of agricultural chemicals containing 

PCDD/PCDF (ERC, 1990). 

Sampling Locations 

Surface soil samples (n=38) were collected throughout the Oroville area in February 2013 

(n=4), March 2014 (n=4), December 2014 (n=5), February 2015 (n=5), May 2015 (n=8), June 

2015 (n=2), and August 2015 (n=10). Sampling locations were limited to visibly undisturbed, 

native soils in accessible areas within the public right of way of Thermalito, Palermo, and 

Oroville, California (Fig. 2). Overhanging obstructions (e.g. trees, buildings) were avoided when 

selecting sampling locations in order to identify regional-scale aerial deposition patterns. To 

minimize bias, a sampling grid (1 km x 1 km) was randomly placed over a topographic map of 

the Oroville area and one sampling location was selected within each square-kilometer quadrant. 

Prior to collection, sampling locations were inspected for signs of disturbance or unrelated 
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contamination (e.g. fill dirt, dumped material) to ensure the sample location would be 

representative of aerially deposited PCDD/PCDF. 

Egg samples (n=14) were collected by the Butte Environmental Council, a non-profit 

environmental organization in Butte County. Samples were collected in June 2011 (n=8) and 

February 2012 (n=6) from volunteer residents raising chickens on exposed soils in Oroville and 

Palermo. 

Sampling Methodology 

Collection Methods 

Surface soil samples were collected using an acid-washed, 15 cm stainless steel trowel. If 

present, groundcover was removed from an approximately 30-cm2 area prior to sample 

collection.  Approximately two cm of surface soil was removed, field homogenized, and 

transferred to laboratory-supplied four-ounce glass sampling containers with Teflon lids. New 

nitrile gloves were worn during the collection of each sample. Sample containers were labeled 

and placed into pre-cooled ice chests for overnight shipment to the analytical laboratory. All 

sampling locations were photographed and documented using a handheld global positioning 

service (GPS) device.  

Eggs were collected from participating residences, wrapped in foil and packed on ice for 

shipment to the laboratory. Each egg sample consisted of two whole eggs.  

Laboratory Analysis 

Samples were sent to either Frontier Analytical Laboratories in Lake Forest, California 

(soil: n=30, eggs: n=14) or Pace Analytical Laboratories in Minneapolis, Minnesota (soil: n=8) 
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for analysis of polychlorinated dibenzo-p-dioxins (tetra- through octachlorinated congeners) and 

polychlorinated dibenzofurans (tetra- through octachlorinated congeners).  

 At the laboratory, soil samples were thoroughly homogenized using a sterilized metal 

scoopula. A representative amount of each sample was weighed and placed in individual metal 

sample pans, baked at 110 ºC for approximately 12 h and reweighed to determine the percent 

solids of each sample. Five-gram aliquots (dry weight) were analyzed by isotope dilution high-

resolution gas chromatography and high-resolution mass spectrometry (HRGC/HRMS) 

according to EPA Method 8290 (U.S. EPA, 1996). PCDD/PCDF TEQ results were reported in 

pg/g of soil according to 2005 WHO TEFs.  

Whole eggs were weighed at the laboratory, prior to cracking, discarding of shell, and 

determining the weight of the yolk and egg white. The contents of both eggs were combined and 

thoroughly homogenized with a sterilized mixer. Approximately 10 g of the homogenized egg 

samples were analyzed by isotope dilution HRGC/HRMS following EPA Method 1613 (U.S. 

EPA, 1994). PCDD/PCDF TEQ results were reported in pg/g of egg (wet weight) according to 

2005 WHO TEFs. 

Previously Published Data: 

Previous local PCDD/PCDF datasets were utilized for Hierarchical Cluster Analysis 

when congener-specific data were available (Table 4).  
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Table 4. Referenced PCDD/PCDF Datasets 

Sample 
Type Site/Location Year No. 

samples Method Source 

Air 
Emissions 

Koppers Lumber 
Company - Oroville, CA 1988 4 EPA Method 

100 
CARB, 1990a/U.S. EPA, 
2001 

Louisiana Pacific Lumber 
Company - Oroville, CA 1988 4 EPA Method 

100 
NCASI, 1995/ U.S. EPA, 
2001 

Pacific Oroville Power, 
Inc. - Oroville, CA 1988 4 EPA Method 

100 
CARB, 1990b/ U.S. EPA, 
2001 

Pacific Oroville Power, 
Inc. - Oroville, CA 2009 9 CARB 428 The Avogadro Group, 2009 

General Barrel Burning, 
U.S. EPA Open Burning 
Test Facility, N. Carolina 

1997 7 TO-9/EPA 
Method 8280 

Lemieux, 2000/ U.S. EPA, 
2001 

Diesel Fuel Combustion 
Reno, NV 1996 1 EPA Method 

8290 
Gertler et al. (1996, 1998) 
U.S. EPA, 2001 

Unleaded Fuel 
Combustion 
Various locations 

1990 3 Unknown 

Marklund et al., 1990; 
Hagenmaier et al., 1990; 
Schwind et al. (1991); 
Hutzinger et al. (1992) 
U.S. EPA, 2001 

Soil 

Koppers Lumber 
Company - Oroville, CA 1987 2 EPA Method 

8290 Kizer, 1987 

Koppers Lumber 
Company  - Oroville, CA 2006 17 Unknown Unknown 

Background - Butte 
County 2012 1 EPA Method 

8290 Chico Environmental, 2012 

Butte County drainage 
near agricultural fields 
treated with waste ash 

2012 1 EPA Method 
8290 Chico Environmental, 2012 

Waste Ash Pacific Oroville Power, 
Inc. - Oroville, CA 2012 9 EPA Method 

8290 Chico Environmental, 2010 

 

Data Analysis 

GIS 

Soil and egg sample TEQ data were plotted using Rockware® Quicksurf software. An 

automated geostatistical Kriging algorithm was used to internally construct “observed” spatial 

dependences (variograms) that plot the distances between all point pair combinations relative to 
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their variance. Eight possible combinations of exponential, Gaussian, linear, and spherical 

"predicted" variograms were best fit to the observed variograms.  Directional ellipses for each of 

the eight variogram types were subsequently determined based on the variations as a function of 

direction.  The directional ellipse with the best correlation coefficient was selected and used to 

assign weighting factors when interpolating grid model node values, via an inverse-distance 

directional weighting algorithm. Contaminant contours were projected based on regularly 

spaced, finite element models with a node spacing of 100 m x 100 m. Temperature, wind 

direction and topography were not input into the geostatistical algorithm.  

Hierarchical Cluster Analysis  

Hierarchical cluster analysis was performed in order to identify groups of samples with 

similar PCDD/PCDF congener patterns. HCA applies a stepwise algorithm that groups 

observations based on the relative dissimilarity of their variables. Initially, each observation is 

treated as a separate cluster. Observations with the lowest dissimilarity are sequentially grouped, 

reducing the number of clusters in a “bottom-up” approach until all observations are contained in 

the same cluster (National Research Council, 1988). The result of this systematic grouping is a 

dendrogram, which illustrates relative similarities and relationships between observations.  

For PCDD/PCDF analysis, each sample was designated as an observation and each 2,3,7,8- 

chlorinated congener was treated as a variable. The ratio of dioxins (PCDD) to total dioxins and 

furans (PCDD/PCDF) was included as an 18th variable. Hierarchical cluster analysis was 

performed with SPSS statistical software using between-groups linkage and cosine interval 

distance measure.  
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Due to the wide range of congener concentrations within and between samples and the 

diversity of media sampled (soil, eggs, air, ash), sample results were transformed prior to 

statistical analysis.  Individual PCDD/PCDF congener data were normalized to their relative 

contribution to overall sample toxicity by multiplying each congener concentration by its 

respective TEF and dividing by the total sample TEQ (congener TEQ/sample TEQ). This 

pretreatment approach effectively reduced the variability of congener masses within and between 

samples and has been recognized as a standard pretreatment method for PCDD/PCDF analyses 

(Shields et al., 2006). Congeners with concentrations below detection limits were assumed to be 

one-half the lowest instrument detection limit (DL/2). Samples with more than 25% of congeners 

below detection limits were omitted from hierarchical cluster analysis (soil: n=9, eggs: n=6). 

Congener Signatures 

Different industrial and combustion processes produce distinct patterns of PCDD/PCDF 

congeners and have been used to trace media samples to known point sources (Fielder et al., 

1996; Plumb et al., 2004; Shields et al., 2006). In order to create a congener signature for the 

collected samples, congener ratios were determined by dividing an individual congener mass by 

the total mass of all 17 2,3,7,8-chlorinated congeners (congener mass/sum of 2,3,7,8-congener 

masses). Congeners with concentrations below detection limits were assumed to be one-half the 

lowest instrument detection limit (DL/2).  All seventeen congener ratios were plotted for each 

sample in the same order to display a mass-weighted congener signature. Congener signatures 

were also created based on the contribution of each 2,3,7,8-chlorinated congener to the overall 

sample toxicity (congener TEQ/sample TEQ), as performed for HCA. Congener signatures were 

visually compared to determine if different patterns/sources could be identified.   
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CHAPTER III 

RESULTS AND DISCUSSION 

PCDD/PCDF Extent and Distribution 

Soil  

The toxic equivalency of PCDD/PCDF in surface soils of Thermalito, Oroville and 

Palermo ranged over five orders of magnitude, with TEQ values observed as low as 0.018 and as 

high as 1,000 ppt TEQ (Table 5). Geometric mean, median and average TEQ values were 

situated near the lower end of the range at 14.5, 21.6 and 63.9 ppt TEQ, respectively. Thirty-four 

percent of surface soil samples exceeded 40 ppt TEQ, the highest PCDD/PCDF TEQ 

recommended for agricultural soils in California (DTSC, 2009). Oroville surface soils exceeded 

the North American average PCDD/PCDF TEQ for rural soils (2.7 ppt TEQ) and urban soils (9.3 

ppt TEQ) in 87% and 63% of the samples, respectively (Shields et al., 2006). 

In general, PCDD/PCDF TEQ were highest in surface soils of central Oroville (30.3 – 

157 ppt TEQ) and south Oroville (26.5 – 170 ppt TEQ) near three known historical PCDD/PCDF 

sources: two former wood processing facilities (Koppers and Louisiana Pacific) and a former 

cogeneration plant (Pacific Oroville Power, Inc., “POPI”)(Fig. 3). PCDD/PCDF concentrations 

were generally lowest in the areas of Thermalito (2.33 – 17. 2 ppt TEQ) and Palermo. A hotspot 

(1,000 ppt TEQ) was identified at the center of the three known sources. The hotspot is four 

orders of magnitude greater than a sample collected approximately 1.5 km away, suggesting high



Table 5. Summary of PCDD/PCDF Sampling Results  
  

Congener Acronym 

Surface soil (n=38) Chicken eggs (n=14) 

Average Geometric 
Mean Median Range Average Geometric 

Mean Median Range 

2,3,7,8-TCDD 2.48 0.779 0.795 0.071 - 24.0 0.173 0.115 0.104 0.016 - 0.591 

1,2,3,7,8-PeCDD 19.9 4.82 5.71 0.124 - 310 1.09 0.533 0.547 0.031 - 5.62 

1,2,3,4,7,8-HxCDD 29.2 7.18 11.0 0.203  - 500 1.31 0.501 0.475 0.038 - 7.69 

1,2,3,6,7,8-HxCDD 81.2 18.4 24.5 0.249 - 1400 5.74 1.70 1.66 0.064 - 46.0 

1,2,3,7,8,9-HxCDD 55.4 12.4 17.8 0.110 - 1000 1.35 0.51 0.415 0.059 - 6.84 

1,2,3,4,6,7,8-HpCDD 1314 281 342 1.56 - 22000 20.1 4.84 4.23 0.374 - 140 

1,2,3,4,6,7,8,9-OCDD 11161 1993 2275 7.72 - 170000 54.6 11.7 9.11 0.843 - 378 

2,3,7,8-TCDF 1.47 0.484 0.496 0.053 - 18.0 0.14 0.08 0.081 0.009 - 0.431 

1,2,3,7,8-PeCDF 2.87 0.808 0.852 0.059 - 32.0 0.234 0.127 0.110 0.026 - 1.33 

2,3,4,7,8-PeCDF 4.99 1.08 1.15 0.063 - 82.0 0.351 0.173 0.150 0.028 - 1.79 

1,2,3,4,7,8-HxCDF 18.2 3.39 3.79 0.098 - 210 0.833 0.267 0.251 0.021 - 5.13 

1,2,3,6,7,8-HxCDF 13.2 2.95 3.06 0.085 - 220 0.517 0.194 0.157 0.022 - 3.00 

2,3,4,6,7,8-HxCDF 17.2 3.80 4.17 0.106 - 290 0.452 0.164 0.147 0.024 - 2.74 

1,2,3,7,8,9-HxCDF 4.97 1.08 1.09 0.059 - 47.1 0.059 0.043 0.037 0.017 - 0.190 

1,2,3,4,6,7,8-HpCDF 216 50.2 63.9 0.205 - 3400 1.97 0.537 0.572 0.024 - 13.6 

1,2,3,4,7,8,9-HpCDF 16.9 3.51 3.79 0.095 - 240 0.150 0.062 0.042 0.020 - 1.07 

1,2,3,4,6,7,8,9-OCDF 433 95.5 132 0.427 - 7100 0.712 0.325 0.328 0.043 - 3.39 

MASS SUM 13393 2522 2849 12.0 - 206871 89.7 23.5 20.0 1.70 - 575 

2005 WHO TEQ 63.9 14.5 21.6 0.018 - 1000 2.58 0.843 1.13 0.004 - 14.7 

Units  (pg/g soil) (pg/g egg) 
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Figure 3. Soil and egg PCDD/PCDF 2005 WHO TEQ (pg/g) sampling results 
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Figure 3. Soil and egg PCDD/PCDF TEQ, prevailing winds and PCDD/PCDF sources in the 
Oroville area. Size of the circle represents the relative sample toxicity (TEQ). 
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variability of surface PCDD/PCDF concentrations despite aerial deposition. This spatial 

variability in surface soils was not observed in previous studies in the Oroville area, where 

PCDD/PCDF were more uniformly distributed and ranged from 1.5 - 40 ppt I-TEQ in 1988 

(n=6) and 1.9 – 46 ppt I-TEQ in 1994 (n=11, Harnly et al., 2000). Observed spatial variability 

may be attributed to subtle surface disturbance (e.g. vehicles, pedestrians) or specific 

microclimatic/microtopographic conditions.  

In addition to increased spatial variability, average PCDD/PCDF TEQ in soils have also 

increased, from 14.0 ppt I-TEQ in 1988 (n=6), 11.0 ppt I-TEQ in 1994 (n=11) to 63.9 ppt TEQ 

for soils collected between 2013 and 2015 (n=38). These findings suggest that PCDD/PCDF are 

being deposited more rapidly than degraded and are a result of industrial emissions within the 

last twenty years.  

A geostatistical Kriging algorithm predicted that a majority of Oroville surface soil 

contains more than 40 ppt TEQ, as displayed in the colored area of Figure 4. The area with 

highest PCDD/PCDF TEQ exhibited a northwest-trending pattern of increased PCDD/PCDF 

TEQ originating from three known PCDD/PCDF sources and extending towards the Feather 

River. Although the predicted area of contamination extends outside the sampling area where 

predictions could not be constrained by measurements, this trend is consistent with local 

prevailing wind patterns (NOAA, 2016), which generally flow toward the north-northwest (Fig. 

4). These findings suggest that PCDD/PCDF in surface soils resulted from aerial deposition of 

emissions in the industrial area of Oroville. Other elevated PCDD/PCDF areas were predicted to 

extend throughout most of Oroville, including the downtown area, several residential areas and 

the Feather River recreation area. These widespread PCDD/PCDF deposits may be attributed to 
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Figure 4. Predicted PCDD/PCDF TEQ distribution of surface soil in Thermalito, Palermo and Oroville, California. 
Colored areas represent soils above 40 ppt TEQ, the maximum PCDD/PCDF concentration recommended for 
agricultural soils in California.   
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Figure 4. Predicted distribution of PCDD/PCDF TEQ of surface soil in the Oroville area based on 
Rockware geostatistical Kriging software. Colored areas represent soil predicted to contain more than 
40 ppt PCDD/PCDF TEQ, the highest level recommended for agricultural soils in California.  

 

non-prevailing winds, ambient winds and/or additional transport through successive evaporation 

cycles. These areas may be significantly impacted by PCDD/PCDF and unsuitable for sensitive 

uses (e.g. daycares, fish hatcheries) and agricultural practices.  

PCDD/PCDF TEQ in chicken eggs collected throughout the Oroville area ranged over four 

orders of magnitude, with an average toxicity of 2.58 ppt TEQ and range of 0.004 to 14.7 ppt 



	  

	  

	  

26	  

TEQ (Table 5). Fifty-seven percent of collected eggs exceeded 1.0 ppt I-TEQ, the concentration 

at which a lifetime excess cancer risk of 10-4 is estimated (Goldman et al., 1989). A majority of 

Oroville eggs (86%) exceeded the average Northern American toxicity-weighted concentration 

of 0.08 ppt TEQ (Schecter, 2012).  PCDD/PCDF TEQ were highest in eggs collected from 

central Palermo (7.5 – 14.7 ppt TEQ), however elevated TEQ were also observed in central 

Oroville (1.00 – 1.30 ppt TEQ), southeast Oroville (0.884 – 4.55 ppt TEQ) and western Palermo 

(0.678 - 1.46 ppt TEQ), suggesting that PCDD/PCDF are widely distributed and available for 

uptake by chickens in the vicinity (Fig. 3).  

Eggs 

 Predictive mapping using a geostatistical Kriging algorithm estimated a radial 

PCDD/PCDF contamination pattern centered around Palermo, where the highest egg TEQ was 

observed. Most of Oroville, Thermalito, and Palermo lie within the color band representing eggs 

with an estimated PCDD/PCDF concentration of 1.0 ppt TEQ or higher (Fig. 5). This suggests 

that most home-produced eggs from the Oroville vicinity are likely not suitable for consumption, 

based on risk calculations that assume consumption of 3-4 eggs per week (30 g egg/day), 

contaminated by 1.0 ppt I-TEQ (Harnly et al., 2000). Unlike surface soils, PCDD/PCDF TEQ in 

Oroville chicken eggs have decreased since their last survey. Average egg PCDD/PCDF was 4.2 

ppt I-TEQ in 1988 (n=25) and 4.8 ppt I-TEQ in 1994 (n=11), almost twice the 2011-2012 

average of 2.58 pg/g TEQ. This may be attributed to a change in animal husbandry practices in 

the Oroville area. Previous public health advisories were issued in the 1990’s and early 2000’s, 

recommending residents in the Oroville area limit chickens’ exposure to soil through application 

of gravel, straw or imported soil (CDHS 1991, CDHS, 2004). A further decrease in egg  
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Figure 5. Predicted PCDD/PCDF TEQ distribution in chicken eggs collected from Thermalito, Palermo 
and Oroville, California. Colored areas represent eggs above 1 ppt TEQ, the maximum PCDD/PCDF 
concentration recommended for consumption of 3-4 eggs per week. 
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Figure 5. Predicted distribution of PCDD/PCDF TEQ of chicken eggs in the Oroville area based on 
Rockware geostatistical Kriging software. Colored areas represent eggs predicted to contain more 
than 1.0 ppt PCDD/PCDF TEQ, the level associated with an 10-4 lifetime excess cancer risk. 
 
 
PCDD/PCDF is expected if residents continued to follow these recommended practices. 

Additionally, soil samples were collected from the public right of way, not from within chicken 

coops and/or foraging areas and it is possible that over time, chickens in small coops and/or 

foraging areas can purge a majority of the PCDD/PCDF in exposed soil, leading to decreased 

PCDD/PCDF concentrations in eggs and foraged soil.  
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Figure 6. Predicted PCDD/PCDF TEQ distribution of surface soils and chicken eggs collected in 
Thermalito, Palermo and Oroville, California.  
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Although soil and egg sampling locations were not paired in this study, egg PCDD/PCDF 

concentrations are generally expected to increase with soil PCDD/PCDF content (Harnly et al., 

2000). Soil and egg “hot spots” did not necessarily overlap in this study, as south Oroville 

exhibited the highest soil PCDD/PCDF TEQ, while Palermo contained the highest egg 

PCDD/PCDF TEQ (Fig. 6).  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. Predicted distribution of PCDD/PCDF TEQ of surface soil and chicken eggs in the 
Oroville area based on Rockware geostatistical Kriging software.  
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Surface soils in the vicinity of the most elevated egg samples (7.5 and 14.7 ppt TEQ) 

contained 3.66 to 83.8 ppt TEQ PCDD/PCDF (Fig. 3). This suggests that bioaccumulation of 

PCDD/PCDF can occur even when chickens are exposed to soils with low levels of 

PCDD/PCDF due to prolonged exposure. Chickens with larger foraging areas have increased 

contact with soil and are subsequently exposed to additional PCDD/PCDF (Harnly et al., 2000). 

The most toxic levels of PCDD/PCDF were observed in eggs collected from rural areas of 

Palermo, which generally have larger property parcels and foraging areas than residential areas 

of Oroville and Thermalito. 

Hierarchical Cluster Analysis  

Samples were categorized into groups or “clusters” by hierarchical cluster analysis 

(HCA) based on the relative contribution of each 2,3,7,8-chlorinated congener to the sample 

toxicity (TEQ) and on the proportion of PCDD/PCDF represented by dioxins (PCDD to 

PCDD/PCDF ratio) in the sample (Fig. 7). Five groups were selected based on cluster density 

and sample distribution.      

Cluster 1: “Background” (n=1) 

A background soil sample was the most dissimilar of all the compared samples, 

suggesting soil and eggs collected in Thermalito, Palermo and Oroville have been impacted by 

deposition of local PCDD/PCDF releases, as opposed to regional or widespread emissions. 

Although only located approximately 10 km away, this soil sample had a distinctly different 

congener toxicity pattern than soils and eggs in the Oroville area.  
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Cluster 2: “Historical Air Emissions” (n=20) 

Historical air emissions from several different sources were grouped based on similar 

congener toxicity patterns. The group consisted of air emissions collected in 1988 from Koppers, 

Pacific Oroville Power Inc. (POPI), and Louisiana Pacific, as well as controlled barrel burn 

emissions collected at the U.S. EPA Burn Test Facility in 1997. These emissions were grouped 

in a different cluster than Oroville soil and egg samples, suggesting that current soil and egg 

congener patterns are not representative of aerial emissions in the late 1980’s and 1990’s. This 

variation is likely attributed to the significant improvements in analytical methods over the last 

twenty-five years, as congener coelution (misidentification) was common during the 1980’s 

before advances in high-resolution gas chromatography (Shields et al., 2006). Individual facility 

emissions could not be distinguished from other facilities emissions (e.g. Koppers vs. POPI vs. 

Louisiana Pacific), which could be attributed to the similar combustion activities that occurred at 

these sites in the 1980’s. All three facilities generated PCDD/PCDF through combustion of wood 

waste and emissions therefore likely contained comparable congener toxicity patterns. 

Cluster 3: “Mixed Sources” (n=7) 

Air emissions, waste ash, and soil samples were grouped together in a third, mixed source 

cluster. This cluster included air emissions from the Louisiana Pacific (LP) lumber facility in 

1988, diesel fuel combustion (1996), and unleaded fuel combustion (1990), which more similar 

to historical air emissions (Cluster 1) than recently collected soil and egg samples (Cluster 4, 5a, 

5c, 5d). Interestingly, this LP emission sample was not grouped with three other LP emission 

samples collected during the same sampling event. This can be explained by either imprecision 

of PCDD/PCDF analyses in the 1980’s or the heterogeneousness of the products burned during  
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Figure 7. Dendrogram of hierarchical cluster analysis when evaluating relative contribution of 2,3,7,8-
chlorinated congener TEQ to total PCDD/PCDF TEQ (2005 WHO) of sample (n=92) 
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Figure 7. Dendrogram of hierarchical cluster analysis when evaluating relative contribution of 
2,3,7,8-chlorinated congener TEQ to total PCDD/PCDF TEQ of sample (n=92). 
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combustion activities. Since this LP emission was grouped with diesel and unleaded fuel 

emissions, it’s possible some of the combusted LP waste wood contained residual petroleum 

hydrocarbons and/or oil residues.  

Waste ash and soil were also included in this mixed cluster. The waste ash was collected 

from the POPI cogeneration plant in 2012 and the soil sample was collected down gradient from 

an orchard where POPI ash was previously applied as soil amendment. These samples exhibited 

similar congener toxicity signatures, suggesting some of the ash was transported from the 

orchard into the adjacent ditch.  

Cluster 4: “Koppers Influenced Samples – 1” (n=15) 

A majority of soil samples (12 of 16) collected from the Koppers wood treatment facility 

were partitioned into a single cluster.  Eleven of these samples were collected from the Koppers 

site in 2006, after approximately 120,000 cubic yards of contaminated soil was removed and 

encapsulated in two onsite landfill cells in 1995 and 2002 (U.S. EPA 1995). Koppers soil 

samples contained as much as 5,140 ppt TEQ PCDD/PCDF, suggesting residual contamination 

from previous onsite activities. A soil sample collected from the site almost twenty years prior 

(1987) exhibited the same congener toxicity signature, indicating that congener signatures can be 

retained for long periods. Four Oroville surface soil samples were grouped with the Koppers 

samples and were likely impacted by activities associated with the site. Although these surface 

soils exhibited similar congener toxicity patterns as Koppers soils, it cannot be determined if the 

observed PCDD/PCDF were a result of the two large fire events or daily operations/combustion 

activities at the Koppers facility. 
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Cluster 5 contained the majority of the egg and soil samples collected throughout the 

Oroville area and was further separated into the following subgroups based on cluster density 

and sample distribution. 

Cluster 5a: “Koppers Influenced Samples - 2” (n=17) 

Four soil samples collected from the Koppers site were grouped with several soil samples 

and an egg sample collected in the Oroville area. Like Cluster 4, these samples had similar 

congener toxicity patterns as Koppers samples and were likely impacted by Koppers activities. 

Although strongly influenced by Koppers, samples in this cluster were more closely related to 

recent POPI emissions than samples in Cluster 4, and have likely been minorly impacted by 

POPI emissions in addition to Koppers emissions (Fig. 7). An elevated egg sample collected in 

Palermo (7.5 ppt TEQ) and a soil hot spot (1,000 ppt TEQ) were also compositionally similar to 

Koppers and Koppers influenced soils.  

Cluster 5b: “Koppers Hot Spot Sample” (n=1) 

A “hot spot” soil sample was identified at the Koppers facility in 2006. This soil sample 

contained 5,140 ppt TEQ PCDD/PCDF and represented residual contamination following soil 

removal and onsite encapsulation in 1995 and 2002. The extremely high TEQ and unique 

congener pattern suggest this soil was contaminated through direct applications of PCDD/PCDF-

containing materials (e.g. PCP, pyrolyzed PCP) rather than aerial deposition of PCDD/PCDF 

emissions. 
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Cluster 5c: “Elevated Egg Sample” (n=1) 

One Palermo egg sample contained an exceptionally high level of PCDD/PCDF (14.7 ppt 

TEQ).  Five soil samples were collected in the general vicinity of this egg sample, however none 

of the soil samples exhibited similar congener patterns. Based on the elevated PCDD/PCDF TEQ 

and distinct congener signature, an additional source of contamination may have impacted this 

sample (e.g., contaminated food, contact with PCP-containing enclosures). 

Cluster 5d: “POPI-Influenced Samples” (n=30) 

The majority of soil and egg samples collected in the Oroville area contained congener 

toxicity signatures that were most similar to recent (2009) emissions from the POPI facility 

(2009).  Interestingly, POPI air emissions collected in 2009 did not resemble emissions collected 

in 1988 (Cluster 2). This may be attributed to technical advances in PCDD/PCDF analyses or a 

change in fuel type, as the facility originally combusted agricultural waste and later transitioned 

to combusting urban waste. 

This cluster included air emissions (n=4) and waste ash (n=6) collected from the POPI 

facility in addition to soil samples (n=14) and egg samples (n=5) collected throughout the 

Oroville area. This clustering indicated that soils and eggs were largely impacted by recent 

PCDD/PCDF releases from the POPI cogeneration plant. 

Congener signatures 

Congener signatures were plotted for each sample and organized by hierarchical clusters. 

Source signatures based on 2,3,7,8-chlorinated congener mass ratios could not be visibly 

distinguished, as the congener OCDD dominated all congener profiles and prevented the 
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attribution of specific congener patterns to individual sources (Fig. 8).  However, clusters could 

be visually differentiated based on toxicity-weighted congener signatures (2,3,7,8-congener 

TEQ/Sample TEQ) as displayed on Figure 9. The background sample (Cluster 1) contained 0.96 

ppt TEQ and was heavily dominated by the toxicity of congener 1,2,3,4,7,8-HxCDD. This 

congener has the longest half-life of all the 2,3,7,8-chlorinated congeners (273 years) and likely 

persisted in background soil long before recent (1980’s – 2000’s) industrial activities in the 

Oroville area.  

Air emissions from burn barrel studies and known Oroville sources in the late 1980’s 

(Cluster 2) contained high ratios of furans (PCDF), which are largely absent from surface soils 

(Clusters 4 and 5). PCDF have much shorter half-lives (29-79) in soil than PCDD (63-274 yr.) 

(Sinkkonen and Paasivirta, 2000). The absence of PCDF in surface soils and presence of PCDF 

in historical emissions suggests that PCDD/PCDF were historically deposited and have since 

degraded to a more PCDD-dominant composition. This discrepancy may also be explained by 

coeultion and unreliable PCDD/PCDF analyses during the 1980’s (Shields et al., 2006). The 

toxic equivalencies of PCDD/PCDF from POPI cogeneration ash and emissions from gasoline 

and diesel-fueled combustion (Cluster 3) were largely attributed to the toxic, less-chlorinated 

congeners 2,3,7,8,-TCDD and 1,2,3,7,8-PeCDD, as seen in historical air emissions. The cluster 

also contained levels of furans that were not observed in soils or eggs. 

Clusters resembling the Koppers and POPI sources exhibited different congener toxicity 

patterns (Fig. 9). Samples influenced by Koppers (Cluster 4, Cluster 5a) were characterized by a 

dominance of the highly chlorinated OCDD and 1,2,3,4,6,7,8-HpCDD congeners, commonly 

associated with PCP combustion emissions (ASDR, 1998). Samples with congener toxicity 
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Figure 8. Congener signatures based on each 2,3,7,8-chlorinated congener mass relative to sum of 
all 2,3,7,8 congener masses and organized by hierarchical clusters  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Congener signatures based on relative contribution of 2,3,7,8-chlorinated congener mass to 
total PCDD/PCDF mass in sample and organized by hierarchical clusters 
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Figure 9. Congener signatures based on relative contribution of 2,3,7,8-chlorinated congener TEQ to 
total PCDD/PCDF TEQ in sample and organized by hierarchical clusters 
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Figure 9. Congener signatures based on relative contribution of 2,3,7,8-chlorinated congener TEQ to 
total PCDD/PCDF TEQ (2005 WHO) of sample and organized by hierarchical clusters  
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patterns similar to recent POPI emissions (Cluster 5d) were characterized by higher relative 

TEQs for less chlorinated, more toxic congeners including 1,2,3,7,8-PeCDD, 1,2,3,4,7,8-HxCDD 

and 1,2,3,6,7,8-HxCDD, congeners commonly associated with incinerators (ASDR, 1998).  

PCDD/PCDF Distribution and Source Identification 

Hierarchical Cluster Distribution 

Clusters influenced by the Koppers and POPI facilities exhibited contrasting spatial 

distributions (Fig. 10). Samples that were influenced by Koppers (Cluster 4, Cluster 5a) were 

distributed in a compact, north/northwest – south/southeast trending array, consistent with 

prevailing wind patterns. Alternatively, samples that resembled recent emissions from POPI 

(Cluster 5d) were more broadly distributed in a radial pattern. These distinct distribution patterns 

are a combined product of different congener compositions of source emissions and of different 

emission practices at the two facilities.  

Source Identification 

As observed in PCDD/PCDF congener signatures, samples that were influenced by the 

Koppers facility emissions were dominated by the most lipophilic congener, OCDD. This 

congener readily adheres to airborne particles (Bartlett et al., 2000) and may fall out of 

suspension quicker than other congeners, resulting in the observed distribution of Koppers-

influenced samples tightly allocated along the direction of prevailing winds (Fig. 10). 

Alternatively, toxicity signatures of PCDD/PCDF from samples that resembled POPI sources 

contained higher fractions of lighter, less-chlorinated congeners that can be transported greater 



	  

	  

	  

39	  

distances in the atmosphere. This is consistent with the observed widespread, radial pattern of 

soil and egg samples influenced by POPI emissions.  

PCDD/PCDF distribution patterns were also influenced by facility-specific emission 

conditions. The wood-fired boiler at the POPI cogeneration plant was larger than the boiler at the 

Koppers facility (183 cm vs. 127 cm stack diameter) and released emissions at higher 

temperatures (176-189° C vs. 134-138° C) at a greater rate (76,289 vs. 24,011 dry standard 

ft3/min) (U.S. EPA, 2001). Due to these emission characteristics, PCDD/PCDFs released from 

the POPI plant are expected to extend farther into the atmosphere than Koppers emissions and to 

result in a more pervasive deposition pattern.  The combination of emission conditions (e.g. 

temperature, release rate, release height) and PCDD/PCDF congener composition (e.g. airborne 

behavior, density) resulted in distinctly different PCDD/PCDF distribution patterns associated 

with two known point sources. PCDD/PCDF associated with the POPI cogeneration plant were 

distributed over a larger area while PCDD/PCDF from the Koppers wood treatment facility were 

deposited closer to the source and only along the direction of prevailing winds. 
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Figure 10. Hierarchical cluster distribution based on relative contribution of 2,3,7,8-chlorinated 
congener TEQ to total PCDD/PCDF TEQ (2005 WHO) of sample  
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Figure 10. Soil and egg PCDD/PCDF TEQ organized by hierarchical cluster. Size of the circle 
represents relative sample toxicity (TEQ). 
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CHAPTER IV 

CONCLUSIONS 

The toxic equivalency of PCDD/PCDF in surface soils of Thermalito, Oroville, and 

Palermo ranged over five orders of magnitude, with TEQ values observed as low as 0.018 ppt 

TEQ and as high as 1,000 ppt TEQ.  Thirty-four percent of surface soil samples exceeded 40 ppt 

TEQ, the highest PCDD/PCDF TEQ recommended for agricultural soils in California (DTSC, 

2009).  In general, PCDD/PCDF TEQ were highest in surface soils of central Oroville and in 

industrial areas of south Oroville. Based on sample location and PCDD/PCDF TEQ, a 

geostatistical algorithm predicted a northwest-trending pattern of increased PCDD/PCDF 

contamination consistent with prevailing winds and originating from the vicinity of three former 

PCDD/PCDF sources. The average and range of soil TEQ values in the Oroville area increased 

relative to a 1994 survey, when PCDD/PCDF TEQs exhibited a more widespread and uniform 

distribution pattern.  

Unlike surface soils, PCDD/PCDF in chicken eggs decreased in the Oroville area since 

their last survey. However, TEQ levels were still elevated relative to the North American 

average, which was exceeded in 86% of Oroville samples. PCDD/PCDF TEQ in chicken eggs 

collected throughout the Oroville area ranged over four orders of magnitude, with an average 

toxicity of 2.58 ppt TEQ and range of 0.004 to 14.7 ppt TEQ. In addition, 57% of collected eggs 

exceeded 1.0 ppt I-TEQ, the concentration at which a lifetime excess cancer risk of 10-4 is 

estimated (Goldman et al., 1989). These findings suggest that most home-produced eggs from 

the Oroville vicinity are likely not suitable for consumption. 
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Soil and egg “hot spots” did not overlap as expected. In general, soils of south Oroville 

exhibited the highest PCDD/PCDF TEQ while eggs collected further south in Palermo contained 

the highest egg PCDD/PCDF TEQ. This observation reflects the tendency of PCDD/PCDF to 

bioaccumulate from low soil concentrations and could be attributed to increased soil exposure 

for chickens with larger foraging areas.  

Using hierarchical cluster analysis, Oroville soil and egg samples were compared to 

samples from three known point sources. Soil and egg samples collected throughout the Oroville 

area exhibited congener toxicity signatures similar to either the Koppers wood treatment plant or 

the Pacific Oroville Power, Inc. (POPI) cogeneration plant. The majority of soil and egg samples 

contained congener toxicity signatures that resembled recent air emissions from the POPI facility 

rather than historical sources, suggesting that POPI contributed PCDD/PCDF to most of the 

region. These samples are much more radial and widespread than samples associated with 

Koppers, which are distributed along a narrow path consistent with prevailing winds. These 

distinct distribution patterns are a combined product of different congener compositions and 

emission practices of these two facilities.  

Although both the Koppers and POPI facilities have shut down, it is likely that 

PCDD/PCDF will persist in Thermalito, Palermo, and Oroville soils for several decades. Large-

scale remediation of PCDD/PCDF is generally considered infeasible, however understanding the 

extent, distribution, and behavior of PCDD/PCDF can aid to reduce human exposure. 

PCDD/PCDF are strongly sorbed to soil and only pose a risk to those who raise and consume 

home-produced animal products on impacted soils. Minimizing animal contact with soil will 

reduce the bioaccumulative potential of PCDD/PCDF and reduce human health risks. 
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