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ABSTRACT 

IDENTIFICATION, QUANTIFICATION AND DISTRIBUTION OF 
POLYCHLORINATED BIPHENYLS (PCBS) IN SEDIMENTS OF THE 
RAPPAHANNOCK AND YORK RIVER WATERSHEDS 

Budoin-Brutus Cooper, Ph.D. 

George Mason University, 2012 

Dissertation Director: Dr. Douglas Mose 

 

This study is intended to contribute to an understanding of water quality in a 

portion of the Chesapeake Bay: the Rappahannock and York watersheds. My PhD 

dissertation research is to identify, quantify, and determine the distribution of 

polychlorinated biphenyls (PCBs) in river sediments. These watersheds are adjacent to 

each other and are sub-watersheds of the Chesapeake Bay watershed (VA DCR, 1993).  

PCBs are a group of man-made chemicals. The basic chemical structure of PCBs 

consists of two-ring aromatic hydrocarbon biphenyls (Manahan, 1994). By substituting 1 

to 10 chlorine atoms at specific positions on the aromatic biphenyls, over 200 different 

compounds can be produced. In general, PCBs are chemically and thermally stable.  

It is hypothesized that PCB-contaminated sediments in some parts of both the 

Rappahannock and York watersheds are excessive and that there is a need for 

remediation. Identification of “PCB hot spots” is a necessary procedure prior to a 
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determination as to whether or not remediation of PCB-contaminated sediment is 

warranted. Remediation of PCB-contaminated sediment from a river system can improve 

water quality.  

The objective of this dissertation is to determine if any parts of York and 

Rappahannock watersheds need remediation. This study proposes to determine if 

significant concentrations of PCB contaminants exist, and if so, to determine the extent of 

contamination. This study designed and used a systematic grid sampling method. 

Systematic sampling was used to collect statistically representative sediment samples 

from the York and Rappahannock River watersheds. United States Environmental 

Protection Agency (U.S. EPA) method 1668A was used to chemically analyze each 

sediment sample for PCB homologues and total PCBs. Nonparametric statistical methods 

and personal computers were used to statistically analyze concentrations of PCBs in 

sediment samples.  

Results from chemical analyses of sediment samples from both the Rappahannock 

and York watersheds detected maximum total PCBs concentrations of 1170 pg/g for the 

lower York Watershed, 2279.6 pg/g for Lake Anna subwatershed, and 3120 pg/g for the 

Rappahannock watershed. The TSCA action level of 50 mg/kg is equivalent to 50,000 

pg/g. The Maximum total PCBs detected in sediment samples from both watersheds are 

far less than TSCA definition of PCB waste materials. It is therefore concluded that no 

significant concentrations of total PCBs were found in the York River watershed nor the 

Rappahannock River watershed.  
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INTRODUCTION 

The Chesapeake Bay is approximately 4,109 sq. miles that is home to roughly 17 

million people as of 2010. The Bay and its tributaries contain food sources such as fishes, 

blue crabs, shrimps, and oysters. The Bay also contains contaminants such as mercury, 

polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs), 

Dichlodiphenyltrichloroethane (DDT), metals, kepone 

(http://www.chesapeakebay.net/issues/issue/chemical_contaminants#inline, June 2011). 

As a resident of the Bay, I decided to contribute to water quality improvement in a 

portion of the Chesapeake Bay: the Rappahannock and York watersheds. My PhD 

dissertation research is to identify, quantify, and determine the distribution of PCBs. 

These watersheds are adjacent to each other and are sub-watersheds of the Chesapeake 

Bay watershed (VA DCR, 1993). Both are in the Piedmont and Coastal Plain 

physiographic provinces. In general, topography and land use patterns in both watersheds 

are similar. One watershed-the York is more densely populated than the Rappahannock 

watershed. Figure 1 is a map of the project location area.  

Land use patterns in and adjacent to a watershed affect the chemical quality and 

composition of natural waters such as rivers, lakes, streams, ponds, etc. (Hem, 1989). 

Waste disposal or waste management sites such as incinerators, waste-to-energy plants, 

landfills, composting sites, and atmospheric deposition may add solutes to natural waters. 

http://www.chesapeakebay.net/issues/issue/chemical_contaminants#inline�
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The rates of water movement, as well as solute addition to and circulation in natural 

waters, are affected by agricultural cultivation of forested land, land development and 

construction, operation and maintenance of structures and facilities such as dams, 

bridges, factories, refineries, smelters, petroleum storage sites, wastewater treatment 

plants, and paved surfaces such as streets and parking lots.  



3 
 

 

 

Figure 1: Map Showing Locations of the Rappahannock and York River Basins, 
modified from the Virginia Department of Conservation and Recreation, 2010 
 

 



4 
 

 

Figure 2: General Molecular Structure of PCBs, from University of Illinois, Chicago 
accessed at: http://www.uic.edu/sph/glakes/pcb/whatarepcbs.htm, 11/2009) 
 

PCBs are a group of man-made chemicals. The chemical reaction of biphenyls 

with chlorine gas (Cl2) and ferric chloride (FeCl3) as catalyst can cause some hydrogen 

atoms on the biphenyls to be replaced by chlorine atoms, thus forming PCBs (Baird & 

Cann, 2008). The basic chemical structure of PCBs (see figure 2) consists of two-ring 

aromatic hydrocarbon biphenyls (Manahan, 1994). By substituting 1 to 10 chlorine atoms 

at specific positions on the aromatic biphenyls, over 200 different compounds can be 

produced. In general, PCBs are chemically and thermally stable. PCBs with three or more 

chlorines are more toxic, bioaccumulative and resistant to environmental degradation 

(Barbalance, 2009). Properties of PCBs with three or more chlorines attached to benzene 

rings include low vapor pressure, nonflamability, high dielectric constants, and low water 

solubility (NRC, 2001). According to a website called pollution issues 

(http://www.pollutionissues.com/Na-Ph/PCBs-Polychlorinated-Biphenyls.html, 2009, 

June 2), 

http://www.pollutionissues.com/Na-Ph/PCBs-Polychlorinated-Biphenyls.html�
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as the degree of chlorination increases, low water solubility and volatility 

decrease and the toxicity and bioaccumulation of PCBs increase. Barbalance (2009) 

reported that PCBs with higher (i.e. three or more) chlorine contents are less 

biodegradable than those with less chlorine. Those PCBs with more chlorines have the 

propensity to bioaccumulate in the environment.  

According to the National Research Council-NRC (NRC, 2001), PCBs exist in 

three phases in the aquatic water and sediment environments: (1) dissolved phase in the 

water column, which are subject to volatization; (2) PCBs associated with colloidal plus 

dissolved organic carbon (DOC), which eventually settled out of suspension; and (3) 

PCBs sorbed onto fine grained sediments (organic-rich, fine-grained sediments usually 

contain the higher amount of PCBs). Bottom dwellers and benthic invertebrates in 

contact with PCB-contaminated sediments are considered the beginning of the major 

route by which PCBs enter the human food chain. For instance, worms consume organic 

matter contaminated with PCBs (Barbalance, 2009); small fish and other organisms feed 

on the invertebrates, and so on, causing PCBs to move up into the human food chain (e.g. 

breast milk).  

The manufacture and industrial uses of PCBs in the United States date back to 

1929. With few exceptions (e.g. microscopic oils, electrical transformers and capacitors), 

the Toxic Substance Control Act of 1976 banned the use of PCBs (NRC, 2001). About 

700,000 tons of PCBs were manufactured between 1929 and 1977. The major uses of 

PCBs include electrical insulating-coolant fluids in electrical transformers and capacitors, 

flame retardants, hydraulic fluids, surface coating materials, pesticide extenders, 
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plasticizers, lubricants, adhesives, dyes, ink and dye carriers, carbonless copy paper, paint 

additives, sound damping materials, freezer and refrigerator motors, fiberglass, foam 

rubber, water proofing materials, impregnation fluids, and chlorinated solvents. Roughly 

200 chemical processes can produce PCBs as by-products.  

PCBs have significant ecological and human health effects. Harmful effects of 

PCBs include neurotoxicity, reproductive and developmental toxicity, immune system 

suppression, liver damage, skin irritation, and endocrine disruption (U.S. EPA, 1996). 

PCBs are also suspected carcinogens. Bertazzi P., Riboldi L., Pesatori A., Radice L., and 

Zocchetti C., (1987) observed significant excess cancer mortality in the gastrointestinal 

tract in workers exposed to PCBs containing 54 and 42 percent chlorine. Similarly, 

Brown (1987) reported significant excess mortality from cancer of the liver, gall bladder, 

and biliary tract in capacitor manufacturing workers exposed to Aroclors 1254, 1242, and 

1016.  

Problem Definition 
The Rappahannock River Commission (http://www.rappriverbasin.org, 2010, 

January 5) reported that the population of this watershed is roughly 230,000 people. The 

VA-DCR (http:/www.DCR.virginia.gov/grassroots, 2010, January 8) estimated the 

population of the York watershed to be 250,000 people. The York watershed is estimated 

to be 70% forested, 20% agricultural, and 10% urban. The Rappahannock watershed is 

roughly 50% forested, 15% urban, 20% agricultural, and 15% water. Human population 

growth, land use, waste generation, and environmental pollution are largely related to 

point sources of pollution in each watershed (e.g. landfills, wastewater treatment plants, 

http://www.rappriverbasin.org/�
http://www.dcr.virginia.gov/grassroots�
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abandoned mines, refineries, factories, gas stations, power plants, etc.). The VA-DEQ 

published the Toxics Release Inventory (VA-DEQ, 2004) for selected counties in both 

watersheds. Excerpts are shown in Table 1.  

In June 2004, the Virginia Department of Health (VDH) has issued several fish 

consumption advisories for very large sections of both the Rappahannock and York River 

watersheds (http://www.vdh.virginia.gov/epidemiology, 2010, March 3). A Health 

Department advisory is a public health alert and recommends restriction on fish 

consumption.  

 

 

Figure 3: Map of Virginia Showing Various Watersheds and Locations of Fish 
Consumption Advisories (VDH, 2004) 
 

These advisories were for high concentrations of polychlorinated biphenyls 

(PCBs), and mercury in fish from Lake Anna, portions of the Rappahannock, York and 

http://www.vdh.virginia.gov/epidemiology�
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other Rivers. Contaminants listed in fish consumption advisories for both watersheds 

include polychlorinated biphenyls (PCBs), mercury, and Kepone  

However, according to the VDH, PCBs are the most common contaminant 

resulting in fish consumption advisories in Virginia (figure 3). Presently, the 

concentrations and distribution of PCBs in sediments of the Rappahannock and York 

watersheds are poorly known. Also, values for PCBs in uncontaminated parts of both 

watersheds are unknown. Whether or not cleanup of PCB-contaminated sediments from 

both watersheds is warranted is undetermined.  

 

 
Table 1: Total pounds of toxic chemicals released in selected counties within the 
Rappahannock and York Watersheds (VA-DEQ, 2004) 
County Name Total on-site  

Releases, lbs. 
Total Air  
Releases, lbs. 

Total Water  
Releases, lbs. 

Total Land  
Releases, lbs. 

York 2,987,139 2,282,581 215,413 489,145 

King William 1,969,436 1,952,296 17,140 0 

Spotsylvania 272,024 161,356 0 110,668 

Hanover 164,521 164,380 141 0 

Caroline 57,303 157 34 57,112 

Orange 42,866 42,866 0 0 

Louisa 27,020 27,005 15 0 

Fauquier 16,900 16,900 0 0 

King George 14,057 14,057 0 0 
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County Name Total on-site  
Releases, lbs. 

Total Air  
Releases, lbs. 

Total Water  
Releases, lbs. 

Total Land  
Releases, lbs. 

Fredericksburg 12,787 12,41 46 0 

Westmoreland 154 154 0 0 

Richmond 131 113 18  

Culpeper 9 8 0 1 

 

Preface to Research 
To prepare for this research, time was taken to obtain and review electronic files 

(http://www.deq.virginia.gov/fishtissue/sediment.html, 2009, February 10) containing 

sediment chemistry data. DEQ compiled the data to comply with the Federal Clean Water 

Act (CWA). A review of these files showed that the amount and distribution of sample 

points were not representative of either of the watersheds that I studied. For example, 

most sediment samples were collected from beneath bridges and in the immediate 

vicinity of known discharges from industrial facilities. Also, the significance of the data 

is difficult to know because sample depths, quality control and assurance, analytical 

methods, and sampling plans are not readily available.  

 The Virginia Water Control Board (now VA-DEQ) first reported the occurrence 

of PCBs in sediments and fish tissues from the project area (J. Wallmeyer (1972). The 

source of PCBs was traced to discharge from the Town of Culpeper wastewater treatment 

plant, and discharge from a uniform rental company. Both facilities discharged 

wastewater to Mountain Run, a tributary of the Rappahannock River. The bulk of the 

PCBs was found in the lower 3 inches of Mountain Run River sediments.  

http://www.deq.virginia.gov/fishtissue/sediment.html�
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In the time since this 1972 report, VA-DEQ had used “judgment” and other types 

of sampling to perform PCB source investigations in both the York and Rappahannock 

watersheds. Judgment sampling (Zhang, 2007) subjectively selects sample locations 

based on professional judgment, visual (e.g. leaks, discoloration) inspections, prior 

information, and experience. It was not clear to this researcher as to whether VA-DEQ 

had done systematic statistical sampling (Helsel and Hirsch, 1992). The VA-DEQ 

website and available reports (e.g. annual reports, Water Quality Assessment Reports-

305(b) & 303(d), Toxic Reduction in State Water report, etc.) provided existing data that 

were used to refine this research. To date, it appeared that no systematic sediment 

sampling had been simultaneously performed on the York and Rappahannock watersheds 

for PCBs.  

The hypothesis of this dissertation is that PCB-contaminated sediments in some 

parts of both the Rappahannock and York watersheds are excessive and that there is a 

need for remediation. Excessive as used here is based on U.S. EPA definition (EPA, 

2009) of PCB-contaminated soil and building materials, which is equal to or greater than 

50 ppm total PCBs. Identification of “PCB hot spots” is a necessary procedure prior to a 

determination as to whether or not remediation of PCB-contaminated sediment is 

warranted. Remediation of PCB-contaminated sediment from a river system can improve 

water quality. Laminar flow conditions and low energy stream environments are 

conducive to the deposition of fine-grained sediments. It follows that contaminated 

sediments are anticipated to accumulate within certain low flow sections of the study 

areas (NRC, 2001). 
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STATEMENT OF RESEARCH 

The objective of this dissertation is to determine if any parts of York and 

Rappahannock watersheds need remediation. This study investigated PCB-contaminated 

sediment to determine if significant concentrations of contaminants exist, and if so, to 

determine the extent of contamination. To this end,  this dissertation   identified  and 

quantified  the concentrations and distributions of PCBs in the Rappahannock and York 

watershed sediments. This research used systematic sampling (Keith, 1996) and collected 

statistically representative sediment samples from the Rappahannock River and the York 

River watersheds. A total of roughly 25 composite sediment samples was taken from both 

watersheds. The sediment samples were chemically analyzed for PCB homologues and 

total PCBs. Results from sediment sampling and chemical analyses were processed, 

interpreted and used to write a Ph. D. dissertation.  

Previous Studies 
A review of previous studies related to this research can uncover information use 

to avoid duplication of efforts, discover existing data, and to provide opportunities for 

comparison of methods and results. In addition to peer reviewed journal (e.g. 

Environmental Science and Technology, Journal of Coastal Research; please see 

literature review section) This study retrieved data from the George Mason University 

(GMU) Library and the GMU Reference Librarian containing listings of peer review 
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articles, theses and dissertations. Specifically, those dealing with PCB-contaminated 

sediment within the Rappahannock River watershed, the York River watershed, and 

PCB-contaminated sediment within the Chesapeake Bay were reviewed. Searches for 

polychlorinated biphenyls in the York River watershed, Virginia resulted in one unrelated 

dissertation. A second search in which York River was replaced by Rappahannock River 

resulted in one related dissertation. Various combinations of PCB-contaminated 

sediments and York/Rappahannock River watersheds resulted in no theses nor 

dissertations.  

This dissertation also searched and obtained information from peer review 

journals such as Estuaries, Environmental Science and Technology, Science of Total 

Environment, Environmental Pollution, and Chemosphere. This study also searched 

pertinent websites such as the U.S. EPA, the U.S. Fish and Wild Life Service, the United 

States Geological Survey (USGS), the National Oceanic and Atmospheric Administration 

(NOAA), the United States Department of Agriculture, the VA-DEQ, and the VA-DCR. 

These searches found no theses, no dissertations and no publications identical or similar 

to this study. For instance, dissertations such as “The Distribution of Organic 

Contaminants in the Atmosphere and in Precipitation”, (Leister, 1993) and 

“Characterization and Deposition of Aerosol Organic Matter in the Eastern United 

States” (Wozniak, 2010) were perused and eliminated from further review. Similarly, a 

paper entitled “Polycyclic Aromatic Hydrocarbon-PAH Distributions and Associations 

with Organic Matter in Surface Waters of the York River, VA Estuary” (Countway R., 

Dickhurt R., and Canuel E., 2003) was also read and eliminated. Finally, e-mails and 
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phone calls were used to inquire at University of Mary Washington, Old Dominion 

University, College of William and Mary, and the University of Maryland. The personal 

communications with selected universities revealed no theses nor dissertations similar to 

this research. However, a few studies similar to this research were selected, reviewed and 

summaries follow.  

Chesapeake Bay in Virginia 
The Rappahannock and York rivers are two of the five major rivers flowing into 

the Chesapeake Bay. NOAA documented the magnitude and extent of contaminated 

sediment and toxicity in the Chesapeake Bay (Hartwell & Hameedi, 2007). The NOAA 

study was a part of the National Status and Trend Program. The objective of the study 

was to determine the spatial extent and severity of chemical contamination, and its 

associated adverse biological effects in coastal bays and estuaries of the United States. As 

a coastal resources management goal, the study attempted to characterize, delineate and 

demonstrate the effects of contaminated sediments on benthic living resources.  

NOAA used a stratified-random sampling design for sediment sampling. Based 

on the knowledge and the recommendations of scientific researchers and natural 

resources managers, the Chesapeake Bay was divided into 65 areas or blocks. At a 

minimum and on a random basis, typically 3 sampling sites within each area were 

selected. Factors such as suspected sources of sediment contamination, potential problem 

areas identified in regional contamination databases, organic carbon maps, sediment grain 

size distributions, and bathymetric data were used to establish area boundaries. These 

areas were sampled between August and September and from 1998 to 2001. Scientists on 
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a research ship used a modified Van Veen Grab sampler, a high-impact styrene scoop, a 

high density polyethylene (HDPE) bucket and other equipment to collect sediment 

samples. Prior to sampling, the sampling equipment was decontaminated. In this study, a 

sample was rejected if the jaws of the sampler upon recovery were found to be opened, if 

the sample was partly washed out, or if the total sediment sample in the grab sampler was 

less than 5 cm deep. 

The NOAA study concentrated on the larger open expanses of the Chesapeake 

Bay System. Few sediment samples were collected along tributaries. Of the 210 sites 

sampled, only 18 sediment sample sites were within the area study. Eight sample 

locations were in the York watershed and 9 sample locations were in the Rappahannock 

River watershed. NOAA used gas chromatography/mass spectrometry (GC/MS) to 

chemically analyze the sediment samples for PCBs and PAHs. NOAA developed and 

used numerical sediment quality guidelines known as Effects Range-Median (ERM) and 

Effect Range-Low (ERL). Both ERM and ERL were statistically derived to express level 

of sediment contamination. Based on interpretation of the numerical sediment quality 

guidelines, toxic effects would be expected to be observed with some level of frequency 

above the ERM. Similarly, below the ERL, toxic effects would rarely be expected. For 

the Chesapeake Bay sediment contamination study, the ERL for PCBs was 22.7 ppb and 

the ERM was 180 ppb. As for PAH, the ERL and ERM were 4022 ppb and 44792 ppb 

respectively. The average TOC concentration was 1.4 %. 

Between 1990 and 1993, the U.S. EPA, the United States Geological Survey 

(USGS) and other federal agencies (e.g. Fish and Wildlife Service, NOAA, etc.) initiated 
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a nationwide program called Environmental Monitoring and Assessment Program or 

EMAP (Strobel et al, 1995). EMAP was intended to monitor and assess national 

ecological resources. This program divided the continental United States into sections 

called provinces. The Virginia Province included bays, estuaries, and sounds between 

Cape Cod, Massachusetts and Cape Henry, Virginia. EMAP used probabilistic sampling 

design to collect surface water, sediment, benthic organisms and fish tissue samples from 

425 base stations. One of the four major objectives of EMAP was to measure the 

pollution exposure and the ecological condition so as to understand the extent of coastal 

environmental problems.  

EMAP used stainless steel, Young-modified Van Veen grab sampler with a 

surface area of 440 square centimeters (cm2) to collect sediment samples. About six grab 

sediment samples were collected at each station for chemistry and toxicity analyses. The 

top 2 cm of sediment samples was composited using stainless steel spoon and 

homogenized in a stainless steel pot. Composite samples were placed in precleaned glass 

jars with Teflon liners (for organic analyses) or polypropylene containers (metal 

analyses). Sediment samples were placed on ice in an ice chest with tight lid and 

transported to laboratory. The sediment samples were chemically analyzed for 24 

polycyclic aromatic hydrocarbons (PAHs), 18 PCBs congeners (commonly called the 

NOAA List of PCBs), chlorinated pesticides and 15 metals. The method of chemical 

analyses for PCBs and PAHs was gas chromatography/mass spectrometry (GC/MS). 

EMAP used summation of PCBs (and not total PCBs) to refer to the sum of all 18 PCB 

congeners in each sediment sample. 
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This dissertation wanted to determine how many sediment samples did EMAP 

collected from the York and Rappahannock watersheds, and what were the 

concentrations of PCBs. Two reports published by EMAP (Strobel et al,, 1995): 

Statistical Summary- EMAP Estuaries; and EMAP-Virginia Province Four-year 

Assessment reports (Paul, J. et al, 1999) were reviewed. Due to poor quality control 

reasons, EMAP eliminated the set of 1990 data from consideration. Instead of listing 

sample numbers and results from chemical analyses with corresponding sample location 

number, EMAP estimated the area impacted by results from those chemical analyses 

showing exceedance of certain thresholds. As such, it was difficult to determine actual 

PCB concentrations detected in the Rappahannock and York River. More importantly, 

results from chemical analyses of PCBs for the Rappahannock and York Rivers were 

discounted and not presented in tables 3-16 on page 53 and 3-18 on page 57 of the 1999 

EMAP four-year assessment report. The EMAP report stated that due to large uncertainty 

associated with small number of sampling sites in a specific river, estimates for the 

Rappahannock and other river could not be presented. York River and its data were also 

eliminated from presentation.  

Robert Hale (1983) published a dissertation entitled “Accumulation of Toxic 

Organic Pollutants in the Blue Crab (callinectes sapidus)”. The research was done at the 

Virginia Institute of Marine Science (VIMS) at the College of William and Mary in 

Virginia. One of the major objectives of the research was to examine the levels of toxic 

organic pollutants in the blue crabs populating Virginia waters. The study selected four 

sample sites: The upper and lower James River, the Pocomoke Sound, and the upper 
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Rappahannock River. Sampling stations were located in or near industrialized sections of 

the rivers. For instance, the Rappahannock River samples were collected from a station 

near Fredericksburg. The study used a 30 foot semi-balloon otter trawl to collect samples 

of blue crabs. Up to 15 crabs were collected from each station. The VIMS study used gas 

chromatography and mass spectrometry to chemically analyze crab tissues for PAHs and 

PCBs. Traces of less than 5 microgram per kilogram (ug/kg) of PCBs were discovered in 

tissues of blue crab from the Rappahannock River. Unlike this study, the VIMS study did 

not perform sampling and chemical analyses of sediments for PCBs.  

Rappahannock River Watershed 
The VA-DEQ performed routine surface water monitoring for pesticides during 

1971 (Wallmeyer, 1972) and subsequent years. One of such monitoring was for Mountain 

Run, a tributary of the Rappahannock River. Results from pesticide monitoring in 1971 

detected relatively high concentrations of polychlorinated biphenyls. Samples with higher 

PCBs data were reportedly from effluents discharged by wastewater treatment plants 

owned and operated by the town of Culpeper. The 1972 report did not indicate the matrix 

(e.g. water, sediment or fish tissues) of the 1971 samples. Based on results from the 1971 

monitoring results, an additional and broader PCB investigation was undertaken in 1972. 

The matrixes sampled during the 1972 follow-up study were fish tissues, surface water 

and sediments. The driving forces for the 1972 Mountain Run PCB study were emerging 

concerns about DDT in the environment, and the then newly established Food and Drug 

Administration (FDA) guidance of 5.0 parts per million (ppm) PCBs in edible fish.  
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In this study, 18 fish tissues samples, 7 surface water samples, and 3 sediment 

samples were collected. Hooks and lines and shocking (electro-fishing) methods were 

used to catch fish, 2.5 gallons mason jars were used to collect water samples, and 

cylindrical sampling tubes were used to collect two sediment core samples. DEQ 

collected sediment samples from located downstream from the Town of Culpeper. Each 

core sample was divided into three 1-inch intervals. Corresponding intervals were 

composited into single samples for a total of three sediment samples. According to the 

author of the 1972 Mountain Run PCB Study report, the sediment samples were collected 

downstream from a large plant that utilized PCBs to manufacture electrical transformers. 

The presence of an electrical transformer manufacturing plant in this part of the 

watershed is a reminder of a General Electric (GE) plant and the Hudson River PCBs 

Superfund site: http://www.epa.gov/region2/superfund/npl/0202229c.pdf, 2009, February 

6). The only difference was the GE plant used PCBs to manufacture electrical capacitors, 

while the plant near the Town of Culpeper used PCBs to manufacture electrical 

transformers. The following research used one sediment sample from the approximate 

former location of station #1 near Route 663 bridge area (see Figure 4). In Figure 4, 

drainage ditches and swales leading from farm lots are conveyance for pollutants to 

Mountain Run. Absence of vegetative buffers means runoff and pollutants are directly 

delivered to Mountain Run. Sediment sample #RA18 with the highest total PCB 

concentration was collected from Mountain Run at Route 663 Bridge 

The Virginia Department of Agriculture and Commerce used gas chromatography 

to chemically analyze the samples. Chemical analyses of the samples resulted in zero or 

http://www.epa.gov/region2/superfund/npl/0202229c.pdf�
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below detection limits for 4 water samples. The method detection limit was not reported. 

Concentrations of total PCBs in 3 water samples ranged from 5 microgram per liter (µg/l) 

to 15 µg/l. Seventeen of the 18 fish samples tested positive for total PCBs. Total PCBs in 

fish tissues ranged from 0.36 parts per million (ppm) to 56 ppm. Aroclor 1254 was the 

dominant PCBs found in fish tissues. Concentrations of PCBs in 3 co-located (i.e. 2 cores 

from the same sampling station) sediment samples were 27, 26 and 36 ppm, and total 

PCB was 89 ppm. For this small sample, mean PCBs concentrations (30.0 ppm) is 

between the median and the maximum value at this location. PCB concentrations in 

sediment samples appeared to increase with increasing depth below the water-sediment-

interface. These concentrations of PCBs in sediment were the highest ever reported in 

Virginia up to that time. The report traced the source of PCBs to a uniform rental facility 

in the Town of Culpeper. The uniform rental company reportedly discharged wastewater 

to a sewage treatment plant operated by the Town of Culpeper. The report concluded that 

fish were concentrating PCBs at higher levels in parts of the Rappahannock Basin. The 

report acknowledged the small number of fish tissue samples and indicated that it was not 

statistically possible to compare PCBs concentrations in fish on a station by station basis. 
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Figure 4: Aerial photograph showing wooded and farm lots in the vicinity of Route 
663 Bridge at Mountain Run, Rappahannock River watershed near Culpeper, VA. 
From Google Map, 2011 June. 
 

A similar relationship between effluents discharged by sewage treatment plant 

and PCB-contaminated sediment in a river was discovered in Newark, New Jersey 

(Huntley et al, 1997). The Passaic Valley Sewage Commission operated a sewage 

treatment plant located in Newark, New Jersey. Unlike the Town of Culpeper Sewage 

treatment plant, the Newark wastewater treatment plant was designed, built and operated 

as a combined sewer overflow (CSO). In other words, the Newark wastewater plant 

collected, conveyed and treated runoffs from rainwater, snow melts, sewage and 
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industrial wastewater through the same system of pipes and to the same wastewater 

treatment plant (, http://www.epa.gov/reg3wapd/npdes/index.htm?tab1=5&tab9=2, 2010, 

May). During excessive rainfalls and/or snowmelts, too much water can be conveyed to a 

CSO plant in such a way that sewage mixed with wastewater overflow the sewage 

treatment plant. The overflow sewage mixed with other untreated wastewater is 

discharged directly into receiving streams/rivers. The Newark CSO plant collected 

industrial, residential and commercial wastewater from 16,000 acres in the Passaic River 

watershed. Forty sediment samples were collected from areas adjacent to 36 outfalls from 

the Newark CSO treatment plant. Average depth of the sediment samples was 15 

centimeters (6 inches). Gas chromatography method was used to chemically analyze the 

samples. The average concentrations of PCBs ranged from 17,000 nanograms per 

kilogram (ng/kg) to 100,000 ng/kg. Total PCBs was defined as the sum of 10 detected 

PCB congeners. 

In the dissertation, “Fate of Organic Compounds Associated with Extractable and 

Bound Phases of Estuarine Sediments Deposited under Varying Depositional Regimes” 

(Arzayus, 2002), the objectives were to examine how varying depositional regimes 

influence the preservation of organic carbon and the interaction of organic carbon with 

sediment in a coastal zone. The study assessed the role of energy regime on the 

distribution and fate of organic compounds. Two of three questions which the study 

addressed were: (1) whether or not sources of organic matter delivered to surface 

sediment throughout the southern Chesapeake Bay and York River vary temporarily and 

spatially in response to freshwater flow and productivity; or, organic compound inputs 

http://www.epa.gov/reg3wapd/npdes/index.htm?tab1=5&tab9=2�
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throughout the southern Chesapeake Bay are homogeneously distributed due to a 

spatially well mixed water column; and (2) which one of the following conditions would 

enhance degradation of organic compounds: more quiescent depositional conditions or 

more intensely mixed depositional regimes?  

The study area was the lower Chesapeake Bay. The study used a spade box corer 

to collect all sediment samples. Surface sediment samples were generally less than 1 

centimeter long and were composited into a single sample. Sediment samples were 

collected from five locations. One was from the confluence of the Rappahannock River 

and the main stem of the Chesapeake Bay, another single sediment sample was collected 

from the York River, and one sediment sample was collected from the confluence of the 

York River and stem of the Chesapeake Bay. Two other sediment samples were taken 

from selected locations within the Chesapeake Bay. The sediment samples were kept on 

ice and transferred to a laboratory for chemical analyses. Air samples were also collected 

from each station. The study used gas chromatography to analyze sediment and air 

samples for PAHs such as chrysene, perylene, etc. Total organic carbon (TOC) and total 

nitrogen (TN) were determined using Fissions EA CHNS-O elemental analyzer. It was 

observed that PAHs concentrations in the lower Chesapeake Bay positively correlated 

with TOC in sediment. The study did not analyze sediment nor air samples for PCBs. For 

some unexplained reasons, the study interchangeably used organic carbon and organic 

compounds. 

The EPA database called STORET located at 

http://www.epa.gov/storet/wtshd_summary.html ,2010, November), has results from 

http://www.epa.gov/storet/wtshd_summary.html�
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chemical analyses of water and sediment samples for the Rappahannock and York River. 

In the database, the Rappahannock River was divided into upper Rappahannock (i.e. 

above Fredericksburg) and lower Rappahannock (below Fredericksburg). Each section 

was given hydrologic unit number 02080103 and 02080104 respectively. STORET has 

data from the Rappahannock River for the period 1977 to 2007. There are 494 sampling 

stations and 82,222 records. These records were for 169 water quality parameters such as 

dissolved oxygen, water temperature, nutrients such as nitrogen and phosphorus, acidity 

(pH), fecal coliform, salinity, and metals. No data for PCBs is in the Rappahannock 

database.   

York River Watershed 
Based on a contract with the VA-DEQ (Roberts M., Richards, M., and Lisle, P., 

2004), VIMS of the College of William and Mary performed chemical and toxicological 

characterization of the upper York River (I.e. Mattaponi and Pamunkey Rivers). The 

objectives of their research were to assess ambient sediment chemistry and toxicity in the 

Pamunkey and Mattaponi Rivers, assess the condition of benthic community, and to 

characterize the condition of sediment in this segment of the Chesapeake Bay. The VIMS 

study used three criteria to select sample locations: (1) accessibility or depth sufficient to 

allow research vessel to access the sample location; (2) sediment texture or areas with 

sand content less that 70-80%; and (3) presence of anaerobic layers, described as dark 

layer indicating total organic carbon or TOC, low oxygen content and high sulfides in 

sediment. 
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The above study selected 7 sampling stations each on the Pamunkey and the 

Mattaponi Rivers. There were no sampling stations on the York River nor any other 

tributaries within the York watershed. The approximate distance between each station 

was 100 meters (330 feet). Water depth at sampling station ranged from 3 to 14 feet. Due 

to the presence of low bridges over water, shallower water depths (logs, marshes, etc.) 

sampling stations that were inaccessible by boats were eliminated. The study used Ponar 

grab samples to collect sediment samples. The upper 2 centimeters of samples from three 

sites at a station were composited into one sample. Each sediment sample was placed on 

ice and transported to analytical laboratory. Sample holding time was 14 days. Gas 

chromatography and mass spectrometry were used to chemically analyze the samples for 

PCBs, herbicides and pesticides. Salinity, pH, water temperature, and dissolved oxygen 

were also measured in the field. The study also determined grain size for sand, silt and 

clay fractions in duplicate samples. 

The study chemically analyzed each of the 14 sediment samples (i.e. 7 samples 

from each tributary) for a total of 19 PCB congeners. Chemical analyses of five sediment 

samples from the Mattaponi River detected total PCBs (as the sum of 19 congeners) 

ranging from 17 to 125 nanogram/gram (ng/g) dry weight basis. The median PCBs for 

this study was 103 ng/g. Results from chemical analyses of two sediment samples from 

the Mattaponi River were below laboratory detection limits. For the Pamunkey River, 

chemical analyses of three (3) sediment samples detected total PCBs ranging from 5 to 70 

ng/g. The median was 52 ng/g. Laboratory test results for four (4) sediment samples were 

below detection limits. In this study, the task was to determine whether or not there were 
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any qualitative relationships between total PCBs, TOC and grain size of sediment 

samples. For that reason, data was extracted from three tables in the VIMS report, 

recompiled and tabulated as shown in Table 2. 

The VIMS study had separate columns in a table for silt and clay. Since silt and 

clay are both fine-grained sediments as compare to sand and gravel, the review summed 

up silt and clay as a single column in Table 2 below. According to the National Research 

Council   (2001), PCBs adhered to the surfaces of and are deposited with fine-grained 

sediment rich in organic matter. If so, then high concentrations of PCBs should be found 

in sediment rich in TOC, rich in silt and clay and low in sand contents. Rows 3, 5 and 7 

with samples #M020.75, MPM001.33 and MPN033.04 in the above table appear to 

support the National Research Council’s view. Three high values (3%, 3% and 2.8%) of 

TOC in column 4 of the table correspond with high values (82%, 87%, and 68%) of total 

silt plus clay and relatively high values (125 ng/g, 31 ng/g and 70 ng/g) of total PCBs in 

sediment samples from these locations.  

 

Table 2: Summary of Data Extracted from Chemical and Toxicological 
Characterization of the Upper York River, Virginia (Roberts et al, 2004) 
Sample number Percent (%) sand Percent (%)  

Silt + Clay 

Percent (%) 

TOC 

Total PCBs 

(ng/g) 

MPN024.81 90.0 10.0 .30 88 

MPN020.75 18.0 82.0 3.0 125 

MPN020.58 63.0 37.0 .60 103 
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Sample number Percent (%) sand Percent (%)  

Silt + Clay 

Percent (%) 

TOC 

Total PCBs 

(ng/g) 

MPN001.33 13.0 87.0 3.0 31 

MPN001.10 87.0 13.0 .41 17 

PMK033.04 32.0 68.0 2.8 70 

PMK020.31 83.0 27.0 .50 52 

PMK011.88 64.0 36.0 1.20 5 

 

Notwithstanding, sample numbers MPN024.81in column 2, MPN020.58 in 

column 4 and PMK020.31 in column 8 have very high (90%, 63% and 83%) sand 

contents and low values (.30%, .60% and .50%) of TOC, which is also in agreement with 

the view of the National Research Council, but with very high total PCBs (88 ng/g, 103 

ng/g, and 52 ng/g). In other words and for this set of data, high concentrations of PCBs 

are also associated with high concentrations of sands. As compared to silt and clay, sand 

is a coarse particle size. For the data set shown in the VIMs study, surprisingly high total 

PCBs were detected in few sediment samples with high sand and low TOC contents. 

The VIMs also published (Reay, 2009) another paper entitled “Water Quality 

within the York River Estuary”. The report is a summary and discussion of existing data 

such as annual stream flow and salinity records, annual dissolved oxygen and sediment 

load to the York Rive and the Chesapeake Bay. Nutrients loads for nitrogen and 

phosphorus and harmful algal blooms were also discussed. Information for toxic 

chemicals such as PAHs and PCBs were taken from VA-DEQ database, summarized and 
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presented. There were no sediment sampling nor chemical analyses of new sediment data. 

For this research, a discussion of excerpts data from DEQ database is under a heading 

entitled Historical Data. 

Similar to the Rappahannock River, the U.S. EPA database called STORET also 

had data for the York River. The York River data are for the period from 1978 to 2007. 

Hydrologic unit number for the York River is 02080107. There were 20 stations and 

roughly 425 records. Parameters measured in the York River and stored in STORET 

include alkalinity, temperature, pH, specific conductance, dissolved oxygen, metals and 

nutrients such as nitrogen and phosphorus. This review found no data in STORET for 

PCBs from the York. In summary, a review of previous studies found no dissertations, 

theses, nor publications dealing with sediment sampling and chemical analyses for PCBs 

at the watershed scale. A review of the literature and historical data from VA DEQ 

follows. 
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LITERATURE REVIEWS 

Statistics and data analyses 
Rong (2001) provided analysis and commentary on statistical methods and pitfalls 

in environmental data analysis. He strongly recommended that prior to data analysis, one 

of the first things an investigator must do is to “look at the data visually” (Rong 

2001:265). His objective was to provide alternative approaches for researchers to view 

and analyze environmental data. He observed that graphical display is a powerful 

statistical tool. Patterns and relationships are easily discernible using graphical displays 

such as histograms, box plots, line graphs and pie charts. Finding patterns in the data is a 

major goal in exploratory data analysis.  In concurrence with Rong’s view, Reimann and 

Filzmoser (2000) added that careful graphical study of the distribution of the measured 

variable should be the first step in data analysis. The main reason for recommending to 

first study the underlying distribution of the measured variable is that classical statistical 

methods such as: analysis of variance, correlation analysis and regression analysis are 

based on the assumption of normal distribution. They observed that geochemical and 

environmental data are spatially dependent and not normally distributed. His observation 

is also true for total PCB concentrations measured in sediment samples from the 

Rappahannock and York River watersheds. In adherence to the aforementioned 

recommendations, this dissertation started the statistical analyses of concentrations of 

total PCBs detected in sediment samples with descriptive statistics and visual graphical 
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displays. Graphical displays are in the first pages of data analyses in the Results and 

Discussion Section. 

Graphical displays and visual inspection provide initial signals as to whether or 

not the underlying distribution is normal. After visual inspections of graphs, Reimann and 

Filzmoser (2000) recommended formal tests for normality. The quartile-quartile or Q-Q 

plot is among several tests for univariate normal distribution (e.g. Shapiro and Wilk’s, 

Kolmolgorov-Smirnov’s). It is common practice to transform a set of nonnormal data 

such that the transformed data is normally distributed (Shumway R., Azari A., and 

Johnson P.,, 1989). The Box and Cox transformations which include logarithm, square 

root, inverse and arcsine transformations are recommended. There are two major 

problems associated with statistical transformation of data: 1) which of the many 

transformations should one use, and 2) the mean of the transformed data is actually 

different from, and is usually of little interest as compared to the original mean of the 

untransformed data (Shumway et al, 1989). Osborne (2010) concurred and observed that 

transformation essentially changes the nature of the measured variable. He added that 

transformation can simultaneously improve and correct for normality, however, it does 

not always achieve normality. As for Keene (1995), he argued in favor of log 

transformation for continuous, ratio scale data. For a set of data involving two or more 

treatments, he suggested that log transformation should be performed when the standard 

deviations and the means are proportional. In other words, when the means and standard 

deviations are increasing or decreasing together, then log transformation is 

recommended. Prior to selecting statistical methods used to analyze the data, this 
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dissertation performed the log transformation and Q-Q plots and the Anderson-Darling 

test for normality. The log transformed data for this dissertation are not normally 

distributed (see figures 53 and 54 and their discussions in this dissertation, p.206-207). 

Potvin and Roff (1993) argued in favor of distribution-free and robust statistical 

methods as alternatives to parametric statistical methods. They warned that it is erroneous 

to assume that the variances are homogenous and normally distributed. “Normality is a 

myth; there never was, and never will there be, a normal distribution.” (Potvin and Roff 

1993:1617). They observed that ecological, specifically field study data are commonly 

not normally distributed. Their observation of nonnormal distribution is also true for this 

dissertation. This dissertation gathered and used environmental data. Reimann and 

Filmoser (2000) argued that environmental data are in general are not normally 

distributed because they (environmental data) are based on imprecise measurements with 

potential sources of errors such as sampling, sample preparation, and analysis. Outliers 

may be present. Potvin and Roff (1993)  questioned the legitimacy and meaningfulness of 

assuming normal distribution. They wonder whether “…testing for normality, and if 

necessary, correcting for normality are worth the trouble”(Potvin and Roff 1993:1617). 

This dissertation is of the opinion that at a minimum, testing a set of research data for 

normality is concrete proof as to whether or not the data are normally distributed. Povin 

and Roff provided three major causes associated with violation of normality assumption: 

1) underlying distribution of the observations is not normal, 2) the data set may contain 

outlier, and 3) heterogeneity in error variance, which may lead to large error. Finally, 

they recommended the Kruskal-Wallis test as a non-parametric substitute for the 



31 
 

parametric analysis or variance (ANOVA), and the Mann-Whitney-Wilcoxon test to 

compare if two or more populations are identical. The Mann-Whitney-Wilcoxon test is 

the nonparametric equivalent of the parametric student-t test. Nonparametric methods are 

advantageous over parametric methods in that nonparametric methods are distribution-

free. This dissertation separately applied the Kruskal-Wallis test, and the Mann-Whitney-

Wilcoxon test to measurements of total PCB and PCB homologs data from both 

watersheds. 

PCB Distribution in sediments 
Studies similar to this research have been done elsewhere and were selected and 

reviewed. For example, the occurrence, quantification, distribution and toxicity of 

polychlorinated biphenyls (PCBs) in the Hudson River have been extensively studied, 

and Saunders (1989) summarized existing reports from sediment sampling for PCBs.  

The State of New York Department of Environmental Conservation used a box corer and 

collected over 300 short core sediment samples.  The samples were collected from 

channel-margin flats at about 200 feet intervals in hot spot areas.  Sample depths ranged 

from 6 to 12 inches.  A Ponar-grab sampler was used to collect 600 grab samples of 

sediments along 40 transects.  Spacing between transects was roughly 1 mile.  PCBs were 

the contaminant of concern for this project.  The objective was to quantify PCBs and 

delineate PCB-contaminated sediment in the upper Hudson River.   

In this Hudson River Study, over 900 sediment samples were collected and 

chemically analyzed for total PCBs. The Gas chromatography and mass spectrometry 

(GC/MS) methods were used.  The PCB concentrations in sediments ranged from less 
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than 1 milligram per kilogram (mg/kg) to over 150 mg/kg.  The United States 

Environmental Protection Agency (US EPA) definition of a PCB-contaminated material 

is 50 mg/kg or more.  PCB concentrations in sediments abruptly increased with 

increasing depth below river-sediment interface.  The highest PCB concentration (120 

mg/kg) generally occurred at 25 to 30 centimeters below sediment surface.  The 

concentration gradually dropped after 30 cm below sediment surface to less than 1 mg/kg 

to a depth of 90 cm. 

In another study, Ankley et al (1992) conducted an integrated assessment of 

contaminated sediment in the lower Fox River and Southern Green Bay, Wisconsin.  Due 

to sediment contamination, the International Joint Commission designated 42 Great 

Lakes sites including the Lower Fox River and Green Bay as an Area of Concern.  The 

objectives of the study were to evaluate direct impacts of contaminated sediments on the 

totality of a particular ecosystem, to evaluate indirect adverse effects of contaminated 

sediments on higher organisms such as fishes, birds, aquatic mammals and man, and to 

determine optimal remediation strategies. 

The Lower Fox River and Green Bay study area received wastewater from paper 

mills and municipal discharges and other point sources.   The area also received various 

pesticides and nutrients due to runoff from intensive agricultural activities and other non-

point sources.  Sediment sampling was done in June and July when water level was 

substantially lower.  A gravity sampler was used to collect short (6-12 inches) sediment 

cores from sediment depositional zones.  Sediments samples, water and biological 
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(bacteria, fishes, and certain vegetation) samples were collected.  The samples were 

chemically analyzed for PAHs, PCBs, metals total organic carbon, etc. Pollutants such as 

metals, phthalates, resins, pesticides, chlorinated hydrocarbons such as PCBs, PAHs, and 

polychlorinated dibenzo-p-dioxins (PCDDs) are now known to be in biota, water and 

sediments.   

In this study, PCBs, PCDDs and polychlorinated dibenzo-furans (PCDF) were 

positively correlated with increasing concentrations of total organic carbon (TOC) in 

fine-grained sediments.  The study concluded that PCBs concentrations were positively 

correlated with concentrations of PCDFs & PCDDs in sediment samples. PCB 

concentrations ranged from .09 microgram per gram (ug/g) to 6.57 ug/g, and TOC varied 

from 1.26 percent (%) to 7.36%.  Since PCBs are use in carbonless papers, the presence 

of paper mills in the watershed is believed to be among sources of PCBs and other 

chlorinated solvers.  The report recommended additional detailed site assessment before 

deciding on methods, or strategy to ameliorate contaminated sediments. 

Coakley J. Nagy E., and Serodes J. (1993) investigated vertical and spatial trends 

in contaminants in the upper estuary of the St. Lawrence River. The project location was 

identified as macrotidal and maximum turbidity (MTZ) zone section of the St. Lawrence 

near Quebec, Canada.  Their study was based on two premises: 1) The Great Lakes-St. 

Lawrence River drainage system supplies sediments, particularly the suspended fine-

grained sediments are sources for persistent contaminants found in the estuary ecosystem, 

2) high productivity of plankton and fish larvae were located in the MTZ of the St. 
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Lawrence River estuary. Due to high productivity, the Coakley study suspected that the 

MTZ is a major site in which contaminants are transferred from sediments to water 

column in the river, and then to the food web. Their objectives were to determine the 

spatial distribution of selected contaminants within the MTZ, and to approximate the 

residence time of selected contaminants in the MTZ. 

The aforementioned study used factors such as potential for long-term 

contaminant accumulation to select three separate locations within the MTZ for coring. 

One sediment core was collected from each of the three sites. Distance between core 

locations ranged from 2 to 30 kilometers. Sediment core length ranged from 18 to 54 

centimeters (cm).  They collected Sediment samples from each core at 2 cm intervals.  

The Coakley study chemically analyzed each sediment sample for heavy metals, and used 

gas chromatography/mass spectrometry to also analyze for PAHs, and total PCBs. They 

normalized total PCB concentrations using total organic carbon in sediment. The 

normalized total PCB data was very similar to the original data. Graphs of total PCBs vs. 

depths for each core from the Coakley study show concentrations of total PCBs 

increasing with depths for up to 14 centimeters, and then gradually decreased thereafter. 

Similar to the York River total PCB concentration data shown in this dissertation, the St. 

Lawrence River study detected higher concentrations of total PCBs in upstream sediment 

samples as compare to down stream sediment samples. The Coakley study concluded that 

sediment deposition occurred in the MTZ. Approximate residence time for bottom 

sediment was less than 35 years.                                                                                                                    
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The State of Texas and the University of Houston (Lakshmanan D., Howell N., 

and Rafai H.  2010) investigated spatial and temporal variation of PCBs in the Houston 

Ship Channel (HSC). Like the York and Rappahannock River watersheds, fish 

consumption advisories due to high concentrations of total PCBs are frequent for the 

HSC. The objectives of the Lakshmanan study were twofold: 1) to quantify PCBs in 

water, fish and sediments in the HSC, and 2) to understand spatial distribution of PCBs. 

They collected about 36 water and fish tissues samples each, and used Petit Ponar grab 

sampler to collect 25 sediment samples. Sample locations appeared evenly distributed 

between Downtown Houston and Galveston Bay. The HSC study used U.S. EPA method 

1668A (gas chromatography/mass spectrometry) to analyze sediment/water and fish 

tissues samples. 

Results from the HSC study detected total PCBs in sediments, fish and water 

samples. Total PCB concentrations in sediment samples ranged from 1.4 ng/g to 108 

ng/g. Average total PCB concentration was 26 ng/g. Organic carbon concentrations 

ranged from .14% to 2.2% with an average of 1.4%. Similar to this dissertation, the HSC 

study used transects to show concentrations of total PCBs decreasing from upstream to 

downstream and from Houston towards Galveston Bay. Similar to the Coakley study 

discussed above, the HSC study normalized total PCBs using total organic carbon 

concentrations. The normalized data show trends very similar to the original data. In 

other words, normalization had very little or no effects on visual distribution of total 

PCBs in sediments. Graphical plots of total PCB concentrations measured in sediment, 

water and fish tissues samples were positively skewed. PCB homologues with lower 
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chlorination such as di-, tri, and tetrachlorobiphenyls were major constituents in the 

dissolved phase, and higher chlorinated PCB homologues such as tetra-, penta-, and 

hexachlorobiphenyls were major constituents in suspended sediment. Similarly, tetra-, 

penta-, and hexachlorobiphenyls accounted for 60% of PCBs detected in sediment 

samples.  

Methods and results from the HSC study are similar to those used and obtained in 

this dissertation. Two major exceptions are the HSC study added fish tissues and water 

samples. Notwithstanding, both studies were prompted by fish consumption advisories, 

collected and chemically analyzed sediment samples using U.S. EPA method 1668A. 

Both studies used transects and observed skewed histograms with normal curve 

superimposed on the histograms. Finally, both studies discovered that higher chlorinated 

PCB homologues such as tetra-, penta and hexachlorobiphenyls accounted for 60% or 

more of PCB homologues in sediment samples. 

Li et al (2009) studied the distributions, trends and other properties of PCBs in the 

Great Lakes. Between 2002 and 2005, Li and others concentrated and investigated 

Polybrominated Diphenyl ethers (PBDEs) and PCBs in sediments of the Great Lakes. 

The aim of the Li study was to provide a region-wide overview of spatial distribution, 

recent trends, and homolog chlorination patterns for PBDEs and PCBs in sediments. The 

effects of sediment resuspension and long-term degradation pattern were also studied. 

They collected a total of 14 sediment cores from all five Great Lakes. Each core was 

sampled at .5 to 5 cm intervals for a total of 175 sediment samples. The Li study 
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chemically analyzed sediment samples for total PCBs. They analyzed sediment samples 

from Lake Superior for 19 PCB congeners and summed it as “total PCBs”; all other 

sediment samples from each of the other Great Lakes were chemically analyzed for 39 

PCB congeners. The report did not specify the method of chemical analyses for total 

PCBs and PCB homologs. 

For the year 2002, annual total PCB load to each of the Great Lakes was reported 

as: 15.7 tonnes for Lake Superior, 48.5 tonnes for Lake Michigan, 30.5 tonnes for Lake 

Huron, 11.2 for Lake Erie, and 98.5 tonnes for Lake Ontario. Li and others applied 

parametric statistical analyses (e.g. regression analyses) to total PCB data without testing 

for normal distribution. They observed that decreasing concentrations of total PCBs in 

surficial sediments followed a log linear trend. Concentrations of total PCBs also 

decreased with increasing latitude north and longitude west of the sample locations. They 

believed that decreasing total PCB concentrations with increasing latitude north and 

longitude west is a reflection of the combine effects of decreasing population density and 

industrialization south-to-north in the Great Lakes area. South-to-north is also the general 

direction of long range transport of atmospheric PCBs in the northern hemisphere. High 

concentrations of PCBs in deposition zones as compare to non-deposition zones were 

attributed to lateral transport of PCB-contaminated sediments. They observed that deeper 

sediment layers were enriched in heavier PCBs congeners while shallower and suspended 

sediments were enriched in lighter PCB congeners. They concluded that the selective 

deposition is most likely due to gravitational settling and aerobic microbial degradation 

which favor lighter PCB congeners. 
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Ko and Baker (2004) studied seasonal and annual loads of hydrophobic organic 

contaminant (HOCs) from the Susquehanna River subwatershed to the Chesapeake Bay 

watershed. The Susquehanna provides 50% of the freshwater flowing to the Chesapeake 

Bay and drains roughly 42% of the Chesapeake Bay watershed. Their study focused on 

dissolved phase and suspended PAHs and total PCBs. They observed that PCBs and 

PAHs have high affinities for organic-rich aquatic particles.  Their objectives were to 

measure seasonal and annual loads of PAHs and PCBs phase distributions in the 

Susquehanna River, and compare their results with total discharge of the Susquehanna 

River. They sampled dissolved phase, suspended and riverbed sediments.  

Similar to this dissertation, Ko and Baker used GC/MS to chemically analyze the 

water and sediment samples for total PCBs and PAHs.   There was no mention as to 

whether or not the data was tested for normal distribution prior to using parametric 

statistical methods.  As expected, they found excellent correlation (r2 = .91) between total 

river discharge and total suspended particulates concentrations. They concluded that the 

Susquehanna River was delivering high concentrations of total suspended particulates 

that are most likely rich in PAHs and PCBs. Concentrations of dissolved and suspended 

total PCBs ranged from .9 to 3.5 ng/l, the mean was 1.7 ng/l. Annual total PCB loads 

from the Susquehanna to the Chesapeake Bay was reported as between 76 and 3160 

kg/year.  They concluded that total PCBs in suspended particulates in Susquehanna River 

was much higher than those in riverbed sediment, suggesting that suspended particulates 

in the Susquehanna was derived from resuspension and  other sources. 
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Bioremediation of PCB-contaminated Sediments 
Smith, Schwab and Banks (2007) conducted a greenhouse experiment that 

investigated application of phytoremediation to clean-up PCB-contaminated sediments. 

They argued that less chlorinated PCBs congeners (e.g. 1-6 chlorines) can be aerobically 

broken down by microbial biphenyls dioxygenase enzymes to chlorobenzoic acid. Under 

aerobic conditions, biphenyls with more chlorines (e.g. greater than 6 chlorines) resist 

microbial degradation, but are susceptible to anaerobic dechlorination. A successful 

phytoremediation of highly chlorinated PCBs must involve both aerobic metabolism and 

anaerobic dechlorination of PCBs.  

 

 

 

 

The above diagram (see figure 5) shows molecular structure of PCBs and 

nomenclature of positions on the biphenyl rings. Positions 3’,3, 5’, and 5 are called meta 

positions, and locations 2’, 2, 6’and 6 are the ortho- positions, whereas  4 and 4’ and 

para- positions. Another basic argument presented was that reductive degradation of 

PCBs removed chlorines from the meta and para- positions on the biphenyl rings (Smith 

Figure 5: Molecular structure of PCBs, from U.S. EPA ( 2012, 
May 15) 
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et al 2007).  In other words, reductive dehalogenation would result in low concentrations 

of PCBs with less than 6 chlorines that are less toxic and readily degradable under 

aerobic conditions. Since wetland plants species have tissues (aerenchyma) that transport 

oxygen from aerial environment to plant roots, they hypothesized that wetland plants in 

PCB-contaminated bulk sediments could  induce reductive dechlorination with 

simultaneous aerobic degradation in the rhizospheres of the plants. Their objective was to 

select the right plant species and soil amendments capable of enhancing the degradation 

of PCBs containing 6 or more chlorines in sediments. 

The Smith team obtained dredged sediments from the Kinnickinnic River in 

Milwaukee in 2001.  They mixed transformer oil containing PCBs with acetone to 1000 

mg/l of PCBs. They remove 100 ml from the mixture of acetone and PCBs and evenly 

spray the mixture onto 5 kg  of dredge sediments until total PCB concentrations in the 

sediment was 20 mg/kg. They prepared 120 5-kg sets of spike sediments with water, 

microbes and saturated with water. Plants such as river bulrush (Scirpus fluviantilis), 

eastern gamma grass (Tripsacum dactyloides), lake sedge (Carex aquatalis), and prairie 

cord grass (Spartina pectinata) were planted and monitored for a period of 1.5 years. The 

potted plants were saturated with water for 3.5 months per year to simulate wetland 

conditions. After 1.5 years, the potted plants and sediments were sampled: measure root 

lengths, shoots biomass. Gas chromatography was used to measure total PCB 

concentrations in plants and sediments. The Smith study found significant differences in 

percentages loss of PCBs between treatments for some PCB congeners. For instance, they 

found significant loss in penta-, hexa-, and heptachlorobiphenyls from the sediment. 
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There was significantly higher loss of PCBs associated with C. aquatalis and sediment 

amendments as compared to C. aquatalis without amendments. In summary, plants 

grown in sediments amended with carbon-rich organic matter had greater loss of PCB 

from sediment. 

Leigh et al (2006) studied the PCBs degrading abilities of indigenous bacteria 

associated with trees naturally grown in PCB-contaminated area.  Their objectives were 

to “identify plants capable of increasing the PCB-degrading potential of aerobic 

microorganisms in the root zones or rhizospheres…” (Leigh et al 2006:2332).  Leigh and 

others viewed microorganisms capable of biodegrading PCBs via metabolic activities as 

alternative strategy to incineration or landfilling of PCB-contaminated sediments/soil 

which are expensive.  They hypothesized that plant compounds such as flavonoids, 

terpenes, coumarins and resin acids are substrates that induce PCB-degrading bacteria. 

Plants have the ability to change the structure of microbial community. For instance, 

plants use living roots to exudate or release compounds (e.g. sugars, amino acids, organic 

acids) and oxygen into soil.  Their study area was a 65 m2 former paint factory that 

operated from 1950 to 1988.  The entire PCB-contaminated-site contained several 

decayed drums with residual PCBs and spillage of PCBs. Total PCB concentrations in 

on-site soil ranged from 8 mg/kg to 500 mg/kg. Interestingly, over twenty different and 

healthy-looking natural trees species and grasses occupied the PCB-contaminated study 

area.  
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The Leigh study first identified control areas outside of the PCB-contaminated 

study site. The controls were 50 meters from the contaminated site but on the same 

factory property. The control area had the same vegetation, except for background 

concentrations of PCBs in soil. They identified 25 tree species, excavated beneath trees 

and grasses to depths ranging from 0-20 cm, 20-40 cm and 40-60 cm.  They sampled soil 

from the rhizospheres of each tree, measured soil pH and nutrients (nitrogen, phosphorus 

and potassium). Similar to this dissertation, they used gas chromatography to analyze 

PCB concentrations in one set of soil samples. Another set of soil samples was tested for 

aerobic PCB-degrading bacteria.  Similar sets of samples were collected from the control 

areas. Concentrations of total PCBs detected in soil samples from 20 to 40 cm beneath 

each tree and other data are tabulated as shown in the table. 

 

Table 3:  Total PCB distribution in plant materials 
Tree in  
contaminated  
study area 

Tree age  
in years 

Total PCBs,  
mg/kg 

Control Plants   
outside study area 

Control Plant  
age in year 

Total  PCBs,  
mg/kg in  
control site 

Austrian pine (Pinus 
nigra) 

24 8 to 15    

Ash (Fraxinusexcelsior) 
14 15 to 16 Grasses (e.g. 

Agropyron repens) 
 
Not available 

 
50 

 weeping birch  
(Betula pendula) 

13 153  
birch tree 

 
Not available 

 
.365 

goat willow (Salix  
caprea) 

5 471 to 500    

Black locust  
(Robinia  
pseudoacacia) 

3 13 to 153    

 

The Leigh study identified major aerobic PCB-degrading bacteria such as 

Rhodococcus ruber, Rhodococcus erythropolis, Bacillus sp, pseudomonas fluorescens, 
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and Microbacterium sp. Similar to this dissertation, the Leigh study used Kruskal-Wallis 

and Mann-Whitney statistical tests to determine differences among groups. The study 

concluded that Austrian pine and willow trees had positively affected the actions of PCB-

degrading populations in the root zone. They concluded that willow and pine are 

rhizoremediation candidates. Rhodococci was the predominant indigenous 

microorganism with strong catabolic abilities as PCB-degraders. Bacillus, Pseudomonas 

and Microbacterium also had PCB-degrading abilities. 

Human Health Effects of PCBs Exposure 
Helmfrid I., Berglund M., Lofman O., and Wingren G. (2012) published results 

from a study on the health effects and exposure to polychlorinated biphenyls and metals 

in a contaminated community. The village of Gusum in Sweden has been in the brass 

production business since the 1600s. Gusum population for 2005 was 3000. The site had 

substantial emission of metals (cadmium, zinc, lead) to air, water and soil. In 1972, huge 

quantity of PCB-contaminated oil was accidentally spilled in a river running through the 

village. The report did not specify the meaning of huge quantity.  A 3 kilometer 

restriction zone was imposed around the brass manufacturing and PCB spill zone. 

Restrictions not to consume fish and vegetable within the 3 km zone were also imposed. 

Sediment in the river was dredged from the river and stockpiled near the spill area. 

Concentrations of total PCBs in samples from fish (perch and pike) tissues was 100 to 

500 times higher than the World Health Organization (WHO) maximum allowable 

concentrations of PCBs (8 pg/g) in fish. They theorized that there is a relationship 

between living in contaminated area, exposure to hazardous chemicals and negative 
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health effects. The aim of the Helmfrid study was to evaluate the occurrence of cancer in 

the population of Gusum in relation to dietary, residential and occupational exposures. 

They used registered questionnaires from hospital and census records. 

The Helmfrid study designed questionnaires and collected records for a total of 

641 cancer case patients (346 men and 295 women) over the age of 18. The 641 cancer 

cases were diagnosed between 1960 and 2003. The PCB spill occurred in 1972. There 

were cancer 5 cancer cases recorded between 1960 and 1971. They used a minimum of 5 

years of residency in the PCB spill zone as a cut off to reduce the 641 cancer cases. In 

other words, from the first time of move-in to the contaminated area and first year of 

cancer diagnosis was selected. This dissertation is not sure as to whether or not the 

latency period for PCBs as probable carcinogen is 5 years, and the study made no 

mentioned of the latency period of PCBs. The 5-year residency criterion reduced the list 

to 120 and questionnaires were sent to all 120 individuals. A total of 67 people responded 

to the survey. The survey collected information such as fish consumption rate, vegetables 

and berries consumption rates, lifetime residency and occupation, smoking habits and 

birth weight. They selected 255 individuals outside of the contaminated area as controls.  

Unlike this dissertation, Helmfrid and others used parametric statistical methods 

without testing the data for normal distribution. For both genders, the study discovered 

significant increase in total cancer risk for individuals reporting high consumption (i.e. 2 

meals per week) of local fish (perch and pike).  Gender specific analysis for females 

revealed that fish consumption was the strongest determinant for cancer, followed by 
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metal work and early residency in the contaminated area. As for males, significant 

increase in total cancer risk was associated with early residency in the contaminated area, 

with moderate increase in total cancer risk for metal works and fish consumption. For 

both genders, significant increase risk of lymphoma was associated with high fish (perch 

and pike) consumption. Significant increase in breast cancer among females was also 

associated with fish consumption or being involved in metal works. Consumption of fish, 

vegetables and berries from outside the contaminated area (i.e. control zone) was not 

associated with increased risk for cancer. 

Loomis D., Browning S., Schenck A., Gregory E., and Savitz D.  (1997) 

published a paper on cancer mortality among electric utility workers exposed to 

polychlorinated biphenyls.  They argued that certain electrical workers are continuously 

exposed to PCBs due to servicing of equipment that contained PCBs. A mixture of 70% 

PCBs and 30% chlorinated benzene solvent were commonly used as insulating fluids in 

transformers, capacitors and switches. Workers in the electric power industry are the 

largest category of workers with past and present occupational exposure to PCBs. Dermal 

contact is the most significant route of exposure for electrical workers to PCBs. The 

objective of their study was to advance the knowledge about long term exposure to PCBs. 

They selected and analyzed cancer mortality among a cohort of 139,000 electrical 

workers in the United States.  Based on literature review, they selected all cancer 

combined, including brain, liver and malignant melanoma. Former and current employees 

from five (5) electric power companies in the United States and a time period from 

January 1, 1950 to December 31, 1986 were selected. Loomis and other focused on men 
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only and eliminated women from their study. They maintained that women at that time 

“rarely work in jobs with the exposure of interest” (Loomis et al 1997:721). A major 

eligibility criterion was at least six (6) months of continuous full time employment at a 

power company. Approximately 138,905 men were included in the study. 

The Loomis study selected a control group with zero hours of exposure to PCBs. 

Other exposure durations were broken down into >0 to 2000 hours, >2000 to 10,000 

hours, >10,000 hours of exposures.  They observed that employees in the following work 

group were potentially exposed to PCBs: mechanics, riggers, electricians, materials 

handlers, laborers, linemen, cable splicers, and substation operators. Over 90% of the 

cohort was white male. There was no indication as to whether the set of data was tested 

for normal distribution. They used regression analyses to examine relationship between 

exposure to PCBs and all cancers, brain, liver, pancreas cancers, and malignant 

melanoma. They observed that in relation to men who had not work in jobs considered as 

potential exposure to PCBs, men who worked in potential PCBs exposure jobs with 20 

years experience showed increase mortality from brain cancer.  Excess mortality from 

brain cancer was also reported for shorter workers in some PCB exposed jobs. Similarly, 

increased mortality rate for malignant melanoma among men with any experience in 

potential exposure to PCBs jobs was reported. Malignant melanoma among mechanics 

also increased with longer duration of employment, however death rates for mechanics 

with over 10 years of employment was small. There was increase mortality from brain 

cancer for men with 2000 to 10,000 hours of exposure to PCB insulating fluids; however, 

there was no reported death among workers with exposure of more than 10,000 hours. 
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They also found increased risk of cancers of gastrointestinal tracts, cancer of the 

pancreas, leukaemias, and lymphomas. The Loomis study was not able to directly assess 

the use of personal protective equipment such as long gloves and long sleeves shirts. 

They concluded that human exposures to electrical insulating fluids in which PCBs are 

the main ingredients may cause malignant melanoma of the skin. 

The University of Manitoba (Yassi A., Tate R., and Fish D., 1994) conducted a 

study of cancer mortality in workers employed at a transformer manufacturing plant in 

Canada. The aim of their study was to examine cancer mortality pattern in male 

employees at a transformer factory. The plant manufactured very large transformers with 

diameters up to 9 feet and as long as 12 feet.  PCBs were the main ingredients in 

transformer fluids. They built and sold 51,000 transformers and used approximately 

27,000 gallons of PCBs between 1956 and 1975. The Yassi study selected 2,222 males 

who worked at a transformer manufacturing plant. Those who selected worked full time 

for a minimum of 1 year or more and for the period between 1946 and 1975.  It was 

common practice for some employees to immerse their hands in PCB-containing 

transformer fluids to tighten bolts and nuts before welding transformer closed, while 

others stood in similar transformer fluids up to kneed-deep in very large transformers.  A 

typical factory process was to heat the transformer core dried which released vapor-phase 

PCB-containing transformer oil into the atmosphere of the work place. It was also 

common practice for those working in the Shipping Department to wipe oil and clean 

transformer before shipping. It follows that dermal contact and inhalation were the major 

routes of human exposure to PCBs at this factory. 
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The Yassi study found no significant overall cancer deaths. They discovered 

statistically significant increase in pancreatic cancer death rate, specifically for those who 

entered the cohort before 1960. They found 11 deaths due to pancreatic cancer. They also 

observed elevated levels of brain cancer and lymphomas in the work force as a whole. 

Latency years ranged from 2 to 36 years.  

Land Use and PCBs in watersheds 
King et al (2004) investigated the relationship between land use and PCBs in 

white Perch (Morone Americana) in the Chesapeake Bay estuaries. They hypothesized 

that the amount and distribution of developed land in a watershed is significantly linked 

to concentrations of total PCBs in biota from subestuaries within the Chesapeake Bay. 

They argued that white Perch is widely distributed throughout the Chesapeake Bay 

subestuaries, supports commercial and recreational fisheries in the Bay, and they are 

known to live within or near particular subestuaries. Importantly, white perch also prey 

on small fish and other bottom feeders who consume allochthonous detritus. In other 

words, white perch are exposed to land-derived runoff delivered to rivers and tributaries 

within the watershed. Their main objective was to quantitatively link total PCB 

concentrations in white perch tissues to land use. Their hypothesis was that significant 

PCBs would be discharged or delivered by runoff from developed land closer to 

subestuary as compared to other types of land use. They collected composite fish tissues 

samples from white perch at 14 locations (subestuaries) within the Chesapeake Bay.  

The King study used gas chromatography and mass spectrometry to analyze fish 

tissue samples for 85 PCB congeners. They then delineated the watershed of each 
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subestuary using digital maps at 1:24,000 scale.  They used the GIS to approximate the 

percentage of developed land and impervious surfaces in each watershed. Four types of 

land-use were established: 1) impervious surfaces, 2) total developed land, 3) high 

intensity residential and commercial land, and 4) commercial land. The linear distance 

between each land use types and a subestuary were calculated. They argued against data 

transformation and assumed normal distribution. King et al used regression analysis to 

test their hypothesis. They found that commercial land use explained 99% of the variance 

in total PCBs found in white perch across 14 subestuaries, and 97% of the variance in 

total PCBs in white perch was explained by high residential/commercial land use. The 

King study concluded that there was strong relationship between developed land uses and 

total PCBs concentrations in white perch in the Chesapeake Bay. 

 Brasher and Wolff (2004) investigated the relationship between land use and 

organochlorine pesticides, PCBs, and semi-volatiles organic compounds (SVOCs) in 

streambed sediment and fish in Hawaii. In 1977 alone, pesticides in quantities such as 

125,600 lbs. of chlordane, 24,000 lbs. of heptachlor, and 9,000 lbs. of aldrine were used 

for pest control in Hawaii. The objectives of the study were to determine the occurrence 

and distribution of organochlorine pesticides, PCBs, and SVOCs in streams on the Island 

of Oahu to assess their relationship to land use, and to assess temporal and geographical 

trends in their concentrations.  

The study in Hawaii identified 3 types of land use categories:  urban (residential 

& commercial), agricultural and forested. Ten study sites were classified as mixed (urban 
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and agricultural), eight urban, three agricultural, six forested. Due to increasing 

population from 58,500 people in 1900 to over 876,000 in 2000, plantation style 

agriculture decreased and urban and industrial style land use increased.  In this study, 

stream sediments were collected from 17 locations based on dominant land use.  Stainless 

steel scoops were used to collect fine-grained sediment samples from wadable sections of 

streams.  The upper 2 centimeters of each sample were placed in pre-cleaned sample jars.  

A stainless-steel corer was used to collect fine-grained sediment samples.  The upper 2 

centimeters of each of 5 cores were combined for each sample site.  The gas 

chromatography method was used to analyze sediment sample.  The report concluded 

that PCBs were detected at mixed and urban land use sites. PCBs were found to be more 

common in fine-grained sediment than in fish tissue samples.   

Another study of interest was done in Virginia. Martel J., Rickert D., and Siegel 

F. (1975) investigated the occurrence and distribution of PCBs in Lake Anne Watershed.  

Lake Anne is an artificial lake located in the suburb of Reston in Northern Virginia.  

Lake Anne is in a residential community with no known sewage or industrial discharge.  

The United States Geological Survey designed an experiment to determine the 

distribution, quantity and sources of PCBs in Lake Anne.  Thirty one sample locations 

were selected based on locations of tributaries, sediment deposition sites and outflow. 

Sixteen sample sites were in the Lake Anne study, thirteen sites in other parts of 

the watershed, and two sites in a relatively new lake called South Lake, 3 miles south of 

Lake Anne. An Eckman Dredge sampler and a stainless steel dust pan were used to 
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collect lake bed sediment samples.  At each site, approximately 1 kilogram of sediment 

sample was collected, documented, stored in glass jars and transported to a laboratory.  In 

addition to sediment samples, water and fish tissue samples were also collected.  Gas 

chromatography was used to analyze the samples after extraction.  Sediment samples 

from the newly created South Lake and an uninhabited sub-watershed of Lake Anne 

showed traces of PCBs (concentrations less than 2.5 ppb).  Sediment samples from 

urbanized location of Lake Anne showed higher PCBs concentrations (about 20-100 ppb) 

in sediment sample. PCB concentrations varied with and were related to the hydrologic 

and cultural environments.  For instance, densely urbanized  village centers adjacent to 

Lake Anne (i.e. containing parking lots, paved roads, apartment buildings, storm water 

management ponds, commercial buildings, etc.) had the higher concentrations  of PCBs 

in sediment (about 40 to 100 ppb).  

The major sources of PCBs in the Lake Anne study are believed to be sewage and 

industrial waste.  The average was about 70 ppb for densely urbanized section of the 

watershed.  Sediment samples from less developed section of the watershed averaged 

about 30 ppb.  Sediment samples from sedimentation ponds and areas near active 

construction site ranged from about 40-70 ppb.  Thorough investigations discounted the 

possibility of accidental spills from electrical transformers. It was concluded that 

industrial discharge, and sewage outflow were the most likely sources.   However, the 

report also concluded that PCBs originated from diffused non-point sources associated 

with urban development and living. These PCBs most likely entered Lake Anne via storm 

water runoff.  Since PCBs were commonly used in the formulation of plasticizers, 
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adhesives, surface coating, sealants, and fire-retardant composition, it was concluded that 

building materials could be one possible source of PCBs. The above findings are 

consistent with impacts of nonpoint source pollution on pore waters in sediments  in the 

Chesapeake Bay (Karuppiah and Gupta, 1996). 

The United States Geological Survey (Black R., Haggland A., and Voss F., 2000) 

studied the relationship between landuse in a watershed and the presence of PCBs and 

organochlorines in stream systems of the Pacific Northwest of the United States. As part 

of the National Water Quality Assessment Program (NAWQAP), sampling sites are 

selected in watersheds based on land use as a criterion. The objective of the USGS study 

was to assess the relationship between land uses and the occurrence and distribution of 

total PCBs and organochlorine  pesticides in sediments and fish tissues. Similar to this 

dissertation, the USGS study selected and conducted their study in two watersheds: 

Willamette Basin, and Puget Sound Basin. Both watersheds are geographically separated. 

Another similarity between the USGS study and this dissertation is the spacing and total 

number of sediment samples from both watersheds. The USGS collected a total of 30 

composite sediment samples from both watersheds. They established five classes of land 

uses. Agriculture, forest, urban, mixed and reference. The reference sites were located in 

protected watershed and in Public Park.  The USGS selected and sampled nine (9) 

species of a fish called sculpin (Cottus sp.) as representative or target taxa for both 

basins. Sculpin is believed to be widely distributed throughout both watersheds and are 

exposed to bottom sediments by feeding on them. They assumed that species similarity 

should result in equal probability of exposure to organic contaminants in bottom 
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sediments. This dissertation used similar assumption in selecting cat fish used in the risk 

assessment section. 

Similar to this dissertation, the USGS study used GC/MS to analyze fish and 

sediment samples for total PCBs and DDT. Both samples were chemically analyzed for a 

total of 30 organic compounds. The study detected total PCBs in fish tissues and 

sediments. They used analysis of variance (ANOVA) and regression analysis to 

determine whether there were significance differences in total PCB concentrations among 

land use classes. There were no indications as to whether or not the sets of data were 

tested for normal distribution. They reported positive relation between concentrations of 

total PCBs and organochlorines in fish tissues and land use. Values for R2 ranged from 

.41 to .81. The probability of detection of total PCBs in fish tissues significantly 

correlated with urban land use. The study did not find similar relation between total PCB 

concentrations in streambed sediment and land use. They believed that sediment erosion, 

scouring and continuous dilution of stream sediment are contributing factors. 

Martinez A., Erdman N., Rodenburg Z., Eastling P., and Hornbuckle K. (2012) 

analyzed the spatial distribution of chlordanes and PCBs congeners in flood plain soil 

after a major flood event in Cedar Rapids, Iowa. A catastrophic 2008-flood caused the 

Cedar River to flood roughly 23 km2 of Cedar Rapid City including Cedar Lake. The 

flood was estimated as a 500-year flood. Cedar Rapids population (2010) was 130,000. It 

is located in a predominantly agricultural setting with grain processing as a major 

industry. There were no records of known superfund site.  The objective of their study 
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was to measure and determine the distribution of total PCBs and chlordanes in the 

previously flooded portion of Cedar Rapids. They hypothesized that concentrations of 

both total PCBs and chlordanes in soil in Cedar Rapids were as high as those reported in 

other major cities worldwide. Instead of industrial property, they selected residential land 

use, public right-of ways adjacent to residential properties and near streets. The Martinez 

study collected a total of sixty six composite soil samples. Soil samples were collected 

using an irregular grid pattern with an average depth of 12 cm.  

Similar to this dissertation, the Martinez study used U.S. EPA method 1668 

(GC/MS) to analyze the soil samples for total PCBs. They used the sum of 164 PCB 

congeners as total PCBs. Total PCB concentrations in soil samples ranged from 3 ng/g to 

1200 ng/g. The median was 20 ng/g and the mean was 56 ng/g. Similar to this 

dissertation, the Martinez study found the distribution of total PCBs detected in soil 

samples to be highly skewed. Another major similarity between the Martinez study and 

this dissertation is the similarity in PCB distribution map. Similar to this dissertation, 

they used statistically uneven class (e.g. 0 to 29 ng/g, 29 to 63 ng/g 64 to 112 ng/g, 113 to 

299 ng/g) and same size colored symbols to represent total PCB distribution on a point 

map. Highly chlorinated PCBs such as penta-, hexa- and heptachlorobiphenyls were 

detected in 85% of all soil samples. 

Munn and Gruber (1997) similarly investigated the relationship between land use 

and organochlorine compounds in streambed sediment and fish tissues in the Central 

Columbia Plateau of Washington and Idaho. The study area is a 33,900 km2 watershed 
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consisting of land uses such as: forest land use, agricultural farm land, and urban lands. 

The study used land use as a basis for selecting samples sites.  They collected 33 

composite sediment samples and 16 composite fish tissues samples. The sixteen fish 

samples came from five fish species: 1) carp (Cyprinus carpio), 2) bridgelip sucker 

(Catostomus columbianus), 3) rainbow trout (Oncorhynchus mykiss), 4) largemouth bass 

(Micropterus salmoides), and 5) sculpin (Cottus sp.). Carp and sucker were detected at 

75% of the study area.  

Sediment and fish tissues samples were chemically analyzed using GC/MS 

method. Maximum total PCB detected in sediment samples was reported as 7,600 ug/kg. 

The minimum, mean and median total PCB concentrations in sediment samples were not 

reported. Total PCB was detected in fish tissue samples at two locations. There was no 

evidence as to whether or not the data was tested for normal distribution prior to 

performing parametric statistical analysis such as ANOVA and linear regression analysis. 

The study concluded that there was significant positive correlation (r = .98 and p <.01) 

between total PCB concentrations detected in two fish samples and percentage of the 

basin in urban land use. This dissertation has concern with the conclusion of significant 

correlation in that only 2 out of 16 fish samples tested positive for total PCBs. I wonder 

how sure are the researchers that the two fish were from or residing in urban portion of 

the watershed at all times. Unlike sediments which rely on erosion, turbidity current, tidal 

and other waves to move, fish are naturally mobile irrespective of river currents. PCB-

contaminated sediments are more directly related to land use (Martinez et al, 2012) than 

concentration of total PCBs in 2 out of 16 fish samples. 
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The United States Fish and Wildlife Service (Pinkney and McGowan, 2006) 

performed an assessment of the migration of PCBs and DDT from a hazardous waste site 

and into the Potomac River. The United States Marine Corps Base at Quantico, Virginia 

buried hazardous wastes, construction debris and municipal solid wastes in a landfill. The 

landfill facility is a 11-hectare property adjacent to the Quantico Embayment of the 

Potomac River. A drainage ditch and a tributary connect the landfill property to the 

Potomac River. A tidal wetland is also connected to the landfill property. PCBs and 

DDTs were stored and managed in a 1937-building located within Quantico Embayment 

of the Potomac at about 100 meters from the landfill.  Fire destroyed the chemical storage 

building in 1985. The objective of the Pinkney and McGowan study was to determine on-

site release of PCBs and DDTs into the Potomac River, and distinguish on-site release 

from background concentrations of PCBs and DDTs. They used Petit Ponar grab sampler 

and collected composite sediment samples from 28 Potomac Embayment locations. 

Sediment samples from the drainage ditch and a tributary to the Potomac were also 

collected, as well as groundwater samples from monitoring wells around the landfill. A 

reference site was also identified and sediment sampled. 

The Pinkney and McGowan study used GC/MS to chemically analyze the 

sediment, soil  and groundwater samples for total PCBs and DDTs.  Total PCBs detected 

in groundwater samples ranged from below detection limits to 15.7 ppb. Concentrations 

of total PCBs in soil sample from the landfill was as high as 1829 ppm. They assumed 

that the set of data was normally distributed and applied ANOVA. Similar to this 

dissertation, Pinkney and McGowan also used Kruskal-Wallis non-parametric method for 
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multiple comparisons. The median total PCBs in 74 sediment samples was .27 ppm, 

which was significantly higher than the median of .016 ppm in sediment sample from the 

reference site.  Maximum concentrations of total PCBs and total DDTs in sediment 

samples from Potomac Embayment were 2.4 ppm and  2.3 ppm respectively. 

Concentrations of total PCBs in a tidal wetland adjacent to the landfill were 117 ppm 

total PCBs and 7.8 ppm for total DDT. The report concluded that contaminants were 

transported into Quantico Embayment of the Potomac River through three main conduits: 

two small streams and a drainage ditch, and most likely groundwater. The wetland was 

also receiving PCBs and DDTs from the landfill and the burnt out building site. Similar 

to this dissertation, the Naval Weapons Station at Yorktown is a 10.6 acres superfund site 

that is contaminated with PCBs, PAHs, and other contaminants. Additional discussions of 

the Naval Weapons Station Superfund site are under Land Use and Potential Sources of 

PCBs section in this dissertation. 

Martinez A., Norstrom K., Wang K., and Hornbuckle K. (2010) investigated and 

documented the distribution of PCBs in surficial sediments of Indiana Harbor Shipping 

Canal (IHSC). IHSC is a 7 km long canal used for commercial shipping by industries 

along Lake Michigan in East Chicago.  Steel mills and other chemical plants used IHSC 

for years, as a result, the sediment is contaminated with metals, PCBs and PAHs. The 

PCB study was related to U.S. Army Corps of Engineers plan to dredge the canal so as to 

improve navigable depths. Dredged sediments from IHSC was scheduled for disposal in a 

confined disposal facility (CDF). It appears to this dissertation that objective of the PCB 

investigation of IHSC was to plan for and make dredged materials disposal decisions. 
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Similar to this dissertation, the IHSC study used a boat and clamshell-bucket to collect 

sediment samples. The top 10 cm of IHSC sediment sample was collected, homogenized 

and composited. A total of 60 sediment samples were collected. There was no indication 

as to sample station spacing nor the type of sampling (e.g. simple random sampling, 

systematic sampling). The samples were kept on ice at 4o C and transported to a 

laboratory. 

Identical to this dissertation, the Martinez study used U.S. EPA method 1668A to 

chemically analyze composite sediment samples for total PCBs. Total PCB 

concentrations detected in 60 sediment samples ranged from 53 ng/g to 35,000 ng/g, the 

arithmetic mean was 7400 ng/g, and the standard deviation was 3.5 ng/g. Similar to 

concentrations of total PCBs detected in sediment samples from both watersheds in this 

dissertation, concentrations of total PCBs from the IHSC study was positively skewed. 

Another similarity was that log transformation of total PCB concentrations for the IHSC 

study was not normally distributed. Total organic carbon concentrations ranged from 

.43% to 7% with a mean of 4.6%. The IHSC study found weak correlation (r2 = .23) 

between TOC and total PCB concentrations. In other words, particulate TOC in sediment 

samples did not control nor was a predictor of total PCBs in sediments samples from the 

IHSC. 

Sivey and Lee (2007) investigated PCBs contamination trends in Lake Hartwell, 

South Carolina. Lake Hartwell is very similar to Lake Anna. Both lakes have dams, 

dendritic drainage patterns, located in rural areas and surrounded by farmlands. 
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Sediments, freshwater and fish in both lakes are contaminated with PCBs. Industrial 

facilities on both lakes are related to the electric power generating industry. Between 

1955 and 1987, Sangamo Western, Inc.  operated a capacitor manufacturing plant 

adjacent to Lake Hartwell. Fluids containing PCBs were used on-site to manufacture 

capacitor. Wastewater from the capacitor factory was discharged into a major tributary to 

Lake Hartwell. PCB-containing wastes were also disposed on-site within 3 miles radius 

(including Lake Hartwell) around the capacitor plant. PCB-contaminated groundwater 

seeped into Lake Hartwell as well. Unlike Lake Anna, Lake Hartwell is a Superfund site. 

The 2004 U.S. EPA records of decision imposed a 1 µg/g total PCBs cleanup 

requirement. The objective of the Sivey and Lee study was to understand PCB 

contamination trend at two of the most PCB-contaminated locations. They selected two 

sediment sampling locations on Lake Hartwell and labeled them as G30 and G33. Unlike 

this dissertation, Sivey and Lee collected one sediment core from each location.  

Locations G30 and G33 were at 36 km and 38 km downstream from the original PCB-

contaminated site. Each sediment core was roughly 80 cm long. Sivey and Lee sectioned 

each core at 5 cm intervals, homogenized and stored for chemical analyses. 

As in this dissertation, Sivey and Lee used GC/MS to quantify total PCBs and 

PCB homologues in each sediment core. Their data showed total PCB concentration of 3 

µg/g at the water-sediment interface (0-5cm) at location G30. The EPA imposed cleanup 

requirement for Lake Hartwell was 1 µg/g. Total PCB concentrations at the water-

sediment interface for location G33 was .133 µg/g.  They plotted graphs or depth profiles 

showing concentrations of total PCBs with depth at each location. They also compared 
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total PCB concentrations at each site with depth profiles for total PCBs concentrations for 

1987 and 1998. Total PCB concentrations sharply increase with depth from 0 to about 30 

cm below the water-sediment interface at both locations. As compared to 1987 and 1998, 

concentrations of total PCBs at both locations were decreasing with depths. They 

observed that the degree of PCB chlorination in shallow sediment increased with distance 

from the original source of PCB contamination. They attributed the increase in distance 

from the source with PCB chlorination to preferential sorption of highly chlorinated PCB 

congeners and volatization of less chlorinated PCB congeners. They argued that PCB 

weathering mechanism such as Aerobic and anaerobic degradation are believed to be 

operating at the site. PCBs with 4 or less chlorines are susceptible to aerobic 

biodegradation, whereas anaerobic/reductive dechlorination can transform and reduce 

PCBs with greater than 4 chlorines.  

Atmospheric PCBs 
Atmospheric concentrations and subsequent deposition of PCBs in North 

American was studied and documented by Shen et al (2006). The Shen study used 

passive air sampler (PAS) deployed at about 1.5 meter above ground. The PAS was 

deployed in 40 stations on the North American continent from Canada to Main land 

United States and Central America (e.g. Southern Mexico, Belize and Costa Rica). The 

PAS was installed at each selected stations for a period of one year. Their objective was 

to better characterize the distribution of total PCBs and polybrominated diphenyl ethers 

(PBDEs) in the atmosphere over North America. PBDEs are flame retardant additives 

used to reduce the flammability of household products. Each PAS was retrieved and their 
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contents were chemically analyzed for total PCBs and other chlorinated contaminants. 

The study observed that total PCBs have generally high concentrations indoor as compare 

to outdoor. In other words, there were high potential for cross contamination during 

sample preparations and extractions. Similar to this dissertation, the Shen study used 

GC/MS to determine concentrations of total PCBs in the samples. 

Except for one location, the PAS detected total PCBs at a total of 39 out 40 

locations in North America. Total PCBs were detected everywhere in the atmosphere of 

North America. Total PCBs ranged from 1.2 ng per PAS to 130 ng/PAS. Both gaseous 

phase and particulate PCBs were detected across most of North America. From the City 

of Toronto to Central Florida in the Southeastern United States had the highest 

concentrations of total PCBs as compared to the Western United States. Intermediate 

concentrations were found in the Great Lakes Area and very low concentrations detected 

in the Canadian Arctic. The Shen study did not find heavier PCBs in the atmosphere. 

They concluded that 90 to 98% of total PCBs detected in air samples were from lighter, 

gaseous phase PCBs and not particulate PCBs. With respect to continental atmospheric 

distribution pattern, their observations suggested a strong relationship between population 

density and total PCBs concentrations. Correlation coefficient was not reported. 

Atmospheric concentration and distribution of total PCBs followed an urban-rural-remote 

gradient.  

Similar to the study by Shen et al (2006), Brunciak et al (2001) investigated and 

documented total PCBs and organic/elemental carbon in the atmosphere of the 
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Chesapeake Bay. The Brunciak study focused on and measured atmospheric 

concentrations of total PCBs over the City of Baltimore and the Chesapeake Bay. Their 

objective was to understand those variables that drove the temporal trends of total PCBs 

over Baltimore and the Chesapeake Bay. They selected two sampling locations. The roof 

top of the Maryland Science Center in the Baltimore Inner Harbor was the first site, and 

the second site was onboard a ship: the OSV Anderson that was anchored in the 

Chesapeake Bay. The Brunciak study used polyurethane foam plugs (PUFs) to capture 

gaseous phase and quartz fiber filters (QFFs) was used to capture particulate phase 

contaminants. They also measured and reported concentrations of total organic carbon. 

Atmospheric organic carbon from sources such as incomplete combustion from 

automobiles fuels, coal, burning of wood, windblown soils, pollen and waxes are known 

to transport PCBs. Air samples were collected for a consecutive 4 hours period on July 

22-24 and then changed to 12 hours period from July 25 to 28 in 2000.  A total of 60 PUF 

samples and 54 QFF samples were collected. 

The Brunciak study used GC/MS to analyze the air samples for total PCBs. 

Concentrations of particulate phase total PCBs detected over the City of Baltimore 

ranged from 5 to 75 pg/m3, the mean was 20 pg/m3. Particulate total PCBs detected over 

the Chesapeake Bay ranged from 10 to 67 pg/m3 and the mean was 10 pg/m3. Gaseous  

phase total PCBs detected over Baltimore ranged from 760 pg/m3 to 2220 pg/m3 with a 

mean of 1180 pg/m3. Concentrations of gaseous total PCBs over the Chesapeake Bay 

ranged from 290 pg/m3 to 990 pg/m3 with a mean of 550 pg/m3. The average particulate 

phase total PCBs over Baltimore Harbor was roughly 10.5 pg/m3 less than particulate 
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phase total PCBs over the Chesapeake Bay, where as concentrations of average gaseous 

phase total PCBs over Baltimore  Harbor was 630 pg/m3 higher than concentrations of 

gaseous phase total PCBs over the Chesapeake Bay. Both distributions of gaseous and 

particulate phases PCB homologs were positively skewed at each sample locations. They 

concluded that total PCBs are remobilized from urban-industrial center such as Baltimore 

to increasingly contribute atmospheric concentrations of total PCBs over the Chesapeake 

Bay. 

Human Health Effects and PCB Exposure 
The director of the Institute of Health and the Environment of the University at 

Albany-Professor Carpenter (2006) published a detailed review of existing information 

on the routes of exposures and effects of PCBs on human health. He observed that the 

amount of chlorine atoms and their locations on the biphenyls ring are major factors on 

the physical and biological properties of PCBs. Those PCB congeners with few chlorine 

atoms tend to be more volatile, water soluble, and easily metabolized than PCBs with 

higher chlorine atoms. PCBs containing more chlorine atoms are bioaccumulative and 

persistent to biodegradation.  Those PCB congeners with only chlorine in the meta and 

para positions (i.e. planar configurations) are known to have the dioxin-like toxic effects. 

PCBs congeners with greater than 1 chlorine in the ortho positions do not exhibit 

important dioxin-like effects. Planar configurated PCBs induces toxic effects by 

activating a protein called aryl hydrocarbon receptor (AhR). AhR controls the activities 

of certain genes (Carpenter, 2006). The effects of PCBs on the AhR is identical to the 
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toxicity of dioxin and furans, which include enlarged liver with altered functions, altered 

immune systems, reduced thymus gland, and disrupting endocrine functions.  

PCBs are soluble in lipids, fats and are found in human breast milk, blood and 

adipose tissues.  Different PCBs congeners have different profile actions. For examples, 

PCBs with ortho chlorines are known to alter cells of the nervous systems by causing 

rapid cell death. Faroon et al (2000) of the Center for Disease Control (CDC) also studied 

the effects of PCBs on the nervous systems. Due to accidental consumption of PCB-

contaminated rice by some Chinese women, children from those PCB-exposed Chinese 

women showed neurological symptoms such as numbness, weakness of the limbs, and 

headaches.  The Faroon study also reported dizziness, sleeplessness, fatigue, memory loss 

and nervousness in 49 % (64 men and 94 women) of electrical capacitor manufacturing 

workers exposed to PCBs in a work place. Concentrations of total PCBs in the 

atmosphere of the capacitor plant ranged from .07 to 11 mg/m3.  Exposure duration at the 

capacitor plant was 5 years. Inhalation of PCB-contaminated air was suspected as the 

major route of exposure at the capacitor factory. 

According to another CDC study (Kimbrough, 1987), 93% of the United States 

population eat fish. The most significant route of human exposure to PCBs is by mouth or 

ingestion. Certain fish from PCB-contaminated rivers such as the York, Rappahannock, 

and Lake Anna have PCBs in their tissues, fats and lipids. Human consumption of PCB-

contaminated fish is one major route of exposure to PCBs (Carpenter, 2006).  Dermal 

absorption (e.g. swimming in PCB-contaminated rivers/lakes) and inhalation of PCB-
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contaminated air are the two other routes of human exposure to PCBs. Inhabitants of 

developed countries have various concentrations of PCBs in their bodies (Kimbrough, 

1987). The half-life of PCBs in the human body ranged from 3 to 17 years. Background 

concentrations of total PCBs in the United States population ranged from .9 to 1.5 ppb 

(Carpenter, 2006). According to the Carpenter study, “PCBs are complete carcinogens 

and act as general cancer promoters…” (Carpenter 2006:5).  PCBs are also classified as 

“probable human carcinogens” (Carpenter 2006:5). 
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HISTORICAL DEQ DATA REVIEW 

As mandated by the Federal Clean Water Act (CWA), the VA-DEQ monitors 

river waters at regular intervals. Such monitoring includes sampling and chemical 

analyses of sediment and fish tissues samples, measurement of dissolved oxygen, water 

temperature, etc. Results from these measurements are stored in a computerized database 

at VA-DEQ. This study queried VA-DEQ database 

(http://www.deq.virginia.gov/fishtissue/sediment.html, 2010, August 8) and selected 

historical PCB and TOC data for four watersheds: the York, Rappahannock, James and 

the Virginia section of the Potomac watersheds. Tables 3 and 4 contain summaries of 

historical data for the four watersheds. The main purpose for selecting and tabulating 

historical data for these watersheds was for statistical comparisons of the watersheds.  

The most recent data for the study area was collected in 2009 and from the Lake 

Anna portion of the York watershed. Due to similarity in sampling method and chemical 

analyses, the 2009 data was included with the York watershed data for this study (York 

and Rappahannock). The next set of relatively recent sediment samples from the project 

area was collected in 2006. Within the 2006 sediment sample data, there were 7 sediment 

samples recorded for the York River watershed, and 31 sediment samples data for the 

Rappahannock River watershed. Considering the York River watershed sediment 

samples, results for 5 out of 7 sediment samples were zero for total PCBs. Total PCBs 

values for two sediment samples were about 28 ppb and 240 ppb respectively. Similarly 

http://www.deq.virginia.gov/fishtissue/sediment.html�
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and for the Rappahannock watershed sediment data, results from chemical analyses of 29 

out of a total of 31 (about 94.0%) sediment samples recorded zero values for  

 

Table 4: Historical total PCBs and total organic carbon for the James and Potomac 
watersheds, Virginia 

James Watershed, 2005 Potomac Watershed, 2004 
DEQ  

Site ID 
TOC, % Total  

PCBs, ppb 
DEQ Site  

ID 
TOC, % Total PCBs, 

ppb 
DEQ  

Site ID 
TOC, Total  

PCBs, ppb 
56 0.28 0.00 31 1.21 129.85 2 1.04 10.18 
55 0.95 81.68 62 3.06 1.05 9 0.42 0.60 
54 1.09 0.00 79 1.56 2170.22 14 1.31 8.20 
45 1.37 0.00 51 1.72 19.39 11 2.48 611.58 
71 1.38 0.00 44 1.36 1145.97 1 0.43 1.59 
76 4.33 18.52 37 1.25 361.80 15 1.19 4.01 
75 0.65 0.00 53 5.38 0.00 16 1.69 1.96 
70 1.19 0.00 61 0.66 48.76 3 0.79 0.46 
52 1.33 0.00 60 1.70 71.13 8 0.85 1.05 
36 0.97 0.12 43 1.99 0.00 6 2.50 0.76 
69 1.77 0.00 42 2.22 0.00 5 1.12 15.51 
78 1.34 0.00 41 0.58 0.00 4 0.47 0.85 
84 3.00 0.00 40 3.76 2.79 13 2.30 8.44 
95 1.17 0.36 46 2.89 0.23 17 2.71 1.23 
68 0.84 0.00 74 1.00 0.00 18 2.29 7.41 
67 2.15 0.00 39 1.65 1.48 12 1.99 17.59 
66 0.84 1.06 59 1.89 15.22 7 2.60 49.31 
65 2.65 0.00 89 3.46 34.57 19 0.57 1.05 
35 3.15 0.00 58 0.62 0.00    
50 3.25 0.12 77 1.19 1.68    
34 0.43 0.00 57 0.52 0.56    

38 0.80 0.00       

81 2.30 0.00       
82 3.55 0.00       
90 2.81 0.00       
33 0.32 0.00       
73 4.15 0.00       
32 1.48 0.00       
83 2.73 2.96       
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Table 5: Historical total PCBs and total organic carbon data for the Rappahannock 
and York watersheds 

York River Watershed data for 2003 Rappahannock  
Watershed data for 2001 

DEQ  
Site ID 

 no. 

TOC, 
% 

Total 
PCBs, 

ppb 

DEQ 
Site 
ID 

TOC, 
% 

Total 
PCBs, 

ppb 

DEQ 
Site 
ID 

TOC, 
% 

Total PCBs, ppb 

34 3.52 0.17 54 1.65 0.00 44 0.68 42.51 
47 2.22 0.90 55 0.68 0.00 45 0.11  
31 4.18 0.47 36 0.60 0.00 46 0.10  
59 0.46 1.47 44 0.73 0.00 47 1.22 0.30 
35 2.14 0.00 43 1.72 0.16 48 0.91 2.30 
32 0.21 0.46 42 2.14 0.00 49 1.85 3.30 
45 0.13 0.00 92S 4.57 2.74 50 3.13 0.56 
51 0.51 0.32 63 1.10 0.45 51 0.60  
50 1.38 1.23 62 1.60 1.20 52 0.26 1.20 
41 1.68 7.29 52 3.06 27.23 53 0.73 13.14 
41 1.24 1.98 53 2.32 11.20 54 0.65  
49 0.79 0.00 61 2.34 2.37 55 1.65 0.23 
49 0.72 0.00 37 1.93 73.43 56 0.10  

91S 3.18 0.00 38 3.42 46.45 57 2.43 0.68 
90S 1.76 1.24 60 0.37 1.46 58 2.41 2.32 
48 1.88 0.58    59 1.94 5.31 
48 1.66 0.00    60 1.23 0.24 
46 2.30 0.00    61 1.10 1.24 
56 0.92 0.14    62 0.33 0.35 
30 2.60 0.00    63 3.59 25.54 
40 8.59 14.14    64 1.68  
40 9.38 10.50    65 1.62 5.62 
33 3.85 2.48       
57 4.71 0.15       
58 4.20 0.00       
34 3.52 0.17       
47 2.22 0.90       
31 4.18 0.47       
59 0.46 1.47       

 

total PCBs, or most likely below detection limits. Two samples data recorded total 

PCBs of 2.63 ppb and 5.9 ppb respectively. This study learned (personal communication 
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with VA-DEQ, 2010) that U.S. EPA method 8082 that has a relatively higher detection 

limits was used to analyzed the 2006 sediment samples from both watersheds. Detection 

limits for the 2006, 2005, 2004, 2003 and 2001 were not available in the database. 

For the 2001 Rappahannock watershed sediment data, the database had records 

for roughly 16 sample points. Total PCBs values for the 2001 Rappahannock watershed 

sediment samples ranged from .23 ppb to 42.51 ppb. It appeared that no sediment 

samples were recorded for the York watershed for the period 2001. For 2003 and the 

York watershed, the database recorded 46 sediment samples for total PCBs. Total PCBs 

concentrations values for the 2003 York watershed ranged from zero to 73.43 ppb. Since 

2006 and except for the Lake Anna sub-watersheds in the York River basin, the database 

contains no records for recent sediment sampling. Statistical comparisons of historical 

data for the selected watersheds can be found in the Results and Discussion (statistical 

analyses) section of this study. 
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DISTRIBUTION, TRANSPORT AND DEPOSITION OF PCBS 

Global Atmospheric Distribution and Deposition of PCBs  
The occurrence and distribution of most contaminants start at their source or 

sources. The sources may be diffused (non-point source), or a known location (point 

source). The same is true about the origin, emission and global distribution of PCBs. The 

original source of commercial PCBs is a chemical plant in the low-income, small town of 

Anniston, Al. Monsanto Corporation (now Pharmacia, Inc.) built a chemical plant in 

Anniston, and started commercial production of PCBs in 1929. Due to the characteristics 

and demand for PCBs, factories for PCBs were then built in Europe and other places. A 

subsidiary of Monsanto called Solutia, Inc. continued the production of PCB in Anniston 

up to 1971 and ceased production thereafter. The Anniston plant is currently used to 

produce polyphenyl compounds. Although the manufacture of PCBs was banned in the 

USA in 1979 (http://www.epa.gov/osw/hazard/tsd/pcbs/pubs/about.htm, 2009, February 

6), the USSR (Russia) continued production of PCBs until 1990 (Breivik, K., Sweetman, 

A., Pacyna J., and Jones, K., 2007). As of 1993, roughly 1,325,810 tons of PCBs were 

produced worldwide from 1930 to 1993. Figure 6 is a pie chart showing selected 

production of PCBs by countries. The above source stated that data for India, Taiwan, 

Brazil and Canada were not included. The sets of data for those countries were perhaps 

not available to investigators. 

http://www.epa.gov/osw/hazard/tsd/pcbs/pubs/about.htm�
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Figure 6: Worldwide Production of Total PCBs (tonnes) from 1930 to 1993, data 
modified from Breivik et al, 2001 
  

Human uses of PCBs in electrical transformers and capacitors, in paints, in 

building construction materials, and in maintenance and disposal (e.g. landfilling, 

incineration) facilitated the release of PCBs to the environment. Richardson and Waid 

(1982) noted that PCBs escaped to the environment through production, various uses, 

accidental releases and disposal. For example, Solutia Inc. operated two landfills near its 

PCBs plant in Anniston, Alabama. According to records at the U.S. EPA Region IV, 

(http://www.epa.gov/region4/waste/npl/nplal/annpcbal.htm, 2010, May 10), both landfill 

Worldwide Production of total PCBs (tonnes) from 1930 to 1993, 
data modified from Breivik, et al 2007
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sites, soils on properties around the former PCB plant, sections of Snow Creek, 

Choccolocco Creek, and the Coosa River are all contaminated with PCBs. It was found 

that concentrations of PCBs in sediment and soils ranged from nondetect to 317 parts per 

million or ppm, concentrations of PCBs in air in the vicinity of the former PCB plant 

ranged from 1.4 to 14 nanograms per cubic meter. According to the Toxic Substance 

Control Act (TSCA) regulations 40 CFR 761, non-liquid materials containing greater 

than 50 ppm PCBs are classified as PCB-Contaminated. In the general vicinity general 

vicinity of the former PCB plant, portions of contaminated rivers and communities are 

currently proposed as a Superfund site. The approximate cleanup cost plus court 

settlement with roughly 20,000 plaintiffs in Anniston (Tolbert et al vs. Monsanto of 

North Carolina/Alabama, case number CV-01-C1407-W, 8/20/2003) is $700 million and 

climbing (Saford, D. 2003).. From 1930 to 1970 and for the United States (Oregon DEQ, 

2003), roughly 30,000 tons of PCBs were released to air, 60,000 to fresh and coastal 

waters, and 300,000 tons were dumped into landfills. Figure76 is a distribution of PCBs 

disposal as a percent (State of Oregon -DEQ, 2003). 
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Figure 7: Chart Showing Disposal and Release of PCBs to the Environment, 
modified from State of Oregon DEQ, 2003 
 

The United States (NOAA) and the Canadian Government (Environment Canada) 

are joint participants in a program called Global Atmospheric Passive Sampling (GAPS) 

(http://www.esrl.noaa.gov/gmd/obop/mlo/programs/coop/gaps/gaps.html, 2010, June 16). 

The major objective of GAPS is to determine the concentrations of persistent organic 

pollutants such as PCBS, organochlorine pesticides, and other. The installation, 

operations and maintenance of the air monitoring stations are intended to comply with the 

Stockholm Convention (Pozo et al, 2006).  
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The 2001 Stockholm convention on persistent organic pollutants (POPs) was 

hosted by the United Nation Environmental Program (UNEP). Under articles 11 and 16 

of the Stockholm Convention (http://www.pops.int/documents/convtext/convtext_en.pdf, 

 2010, August 18), the parties agreed to among other things conduct research 

pertaining to 12 POPs. The list of these 12 POPs (commonly called “dirty dozen”) 

include PCBs, PAHs, endrin, polybrominated diphenyl ethers (PBDEs), 

hexachlorobenzene, dichlodiphenyltrichloroethane (DDT), and others. GAPS is operating 

a worldwide network of 65 air monitoring stations on all seven continents, including a 

station at Summit on Greenland. GAPS sampling stations are located at remote sites far 

from potential sources of the 12 POPs, as well as urban and agricultural sites. A map 

showing some of GAPS monitoring stations is shown as figure 8. Figure 8 (a) is intended 

to show areas of the earth where positive atmospheric detection of PCBs were recorded.  

http://www.pops.int/documents/convtext/convtext_en.pdf�
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Figure 8: Map showing GAPS monitoring stations and results for worldwide 
atmospheric distribution of PCBs (a); distribution and results for PBDE is shown in 
part (b) above. Modified from Pozo et al, 2006. 
 

GAPS used polyurethane foam (PUF) passive air samplers to collect ambient air 

samples from each station. The air sampler is a disk mounted in a stainless chamber to 

protect the sampler from direct sunlight and particulate deposition. The PUF disk samples 

were retrieved every 3 months from December 2004 to December 2005 (Pozo, et al, 

2009). Extracts from each PUF disk were chemically analyzed for 48 PCBs using gas 

chromatography-mass spectrometry. The geometric mean of total PCBs (sum of 48 

congeners) concentrations for the first year from 50 stations worldwide was 26 picogram 

per cubic meter (pg/m3), and the range was less than .1 pg/m3 to greater than 100 pg/m3. 

High atmospheric concentrations of total PCBs were recorded at or near major cities and 

rural agricultural sites. For instance, 2600 to 4300pg/m3 of PCBs were found near Paris, 



76 
 

France; 1300 to 6600 pg/m3 of PCBs were found in rural India; and 2900 pg/m3 of PCBs 

were found near the city of Manila in the Philippines. Substantial atmospheric 

concentrations of PCBs were also detected in South America, Africa, Asia and Greenland 

(see figure 8-a above). Similarly, atmospheric concentrations of PCBs have been reported 

(Larsen, 2002; Harner et al, 1998; Harrad et al 2009; Lammel et al 2009) for other 

locations. For example, particulate and gaseous PCBs over London, England from 1991 

to 1995 were between 1090 pg/m3 and 1450 pg/m3; between 2610 and 4750 pg/m3 over 

Taiwan from 1992-1993, and 113 to 266 pg/m3 over Russia in 1991. Similarly, a 

summary by Li et al (2010) on worldwide atmospheric concentrations of PCBs from 

1998 to 2007, found atmospheric concentrations of PCBs in North America ranged from 

49 to 120 pg/m3. In soil at selected background locations in North America, PCBs ranged 

from 110 pg/g dry weight to 2500 pg/g.  

Researchers from the Norwegian Institute for Air Research in Norway, and 

Lancaster University in England (Breivik, K., Sweetman, A., Pacyna J., Jones, K., 2002) 

also documented and approximated global emission of PCBs worldwide. Their 

quantitative documentation of global PCB emission was based on three different source 

processes: a) anthropogenic emission of PCBs as a result of global production, use, 

disposal (including accidental releases) of PCBs and PCB-containing materials, b) PCB 

released due to volatilization from environmental reservoirs, and c) unintentional 

formation of PCBs from other processes. Based on toxicity, usage, and available 

production records, the researchers selected and used 22 PCB congeners to represent total 

PCBs. Several measurements from factory smoke stacks, incinerators, landfills, 
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destruction of materials containing PCBs, soil, and mass balance technique were used to 

approximate global PCB emission. The researcher noted relatively high uncertainty but 

argued that their methods and results were reasonable estimates. 

Although between 1990 and 2000 global emission of PCB decreased from 

between 60% to 90%., for a 70 year period (1930 to 2000), total worldwide emission of 

PCBs was estimated to range from about 440 tons to 92,000 tons with a median of about 

8000 tons. For the same period, historical production of PCBs was estimated to range 

from 470 kilotons to 700 kilotons. Usage and disposal were the two dominant emission 

pathways of PCBs to the atmosphere. Spatially and for the year 2000, high usage and 

high atmospheric emission of PCBs was concentrated to between 30 and 60 degree 

geographic latitudes.  

It has been thought that the global emission pattern of PCBs is affected by 

temperature. This view was confirmed earlier by Wania and Mackay (1996). In their 

study of roughly 22 persistent organic pollutants (including PCBs and DDT), they argued 

that at ordinary environmental temperature, POPs are volatile and can evaporate and be 

deposited in air, soil and water. Evaporation from earth surface is favored or enhanced by 

warm temperatures in tropical and subtropical regions. Similarly, deposition from the 

atmosphere unto soil, water, and vegetation is greatly enhanced by cool temperatures at 

higher latitude. This “grasshopper” effect is seen as POPs migration to higher latitude in 

series of relatively short jumps, airborne movement followed by deposition on 

land/water, and then back into the atmosphere again (see figure 9). POPs (including 

PCBs) can travel in the atmosphere in the gaseous phase or sorbed unto and particulates, 



78 
 

soot or fumes, droplets. Figure 9 illustrates atmospheric migration of POPs and PCBs. 

Atmospheric migration patterns shown in figure 9 are consistent with field observations 

that the equatorial and mid-latitude countries are sources for atmospheric PCBs, and 

Polar Regions are sinks (Iwata, H, Tanabe S., Sakkai N., Nishimura A., and Tatsurkawa 

R., 1994).  

 

 

Figure 9: Atmospheric migration pattern of POPs and PCBs, from Wania and 
Mackay, 1996. 
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The distribution and movement of atmospheric PCBs in the United States is 

extensively documented. For example, for the period 2000 to 2001, Shen et al (2006) 

reported atmospheric concentrations of PCBs for forty locations in the United States, 

Canada, and Central America. They used passive air sampler (PAS) to collect and 

measure atmospheric concentrations of PCBs. Concentration of PCBs over North and 

Central Americas ranged from nondetect to 130 ng/PAS. Their study detected PCBs 

everywhere in North American atmosphere for the period 2000-2001. They observed that 

from tropical to arctic regions, atmospheric concentrations of heavier PCBs (e.g. penta-

PCBs and Hexa-PCBs) congeners decreased due to removal by particle-bound deposition 

from the atmosphere. Those PCBs with lower to intermediate degree of chlorination have 

long range atmospheric transport (LRAT) to higher latitudes due to high volatility and 

stability. Excerpts from that report are shown as figure 10. 

Wethington and Hornbuckle (2005) studied atmospheric concentrations of PCBs 

over the city of Milwaukee. They concluded that atmospheric PCBs over Milwaukee are 

sources for PCBs in Lake Michigan. Roughly 120 kilogram per year of PCBs contributed 

to Lake Michigan. The Milwaukee River also contributed approximately 12 kg of PCBs 

annually to Lake Michigan. Similar studies were done for the City of Chicago (Tasdemir, 

et al 2004). Average dry deposition flux of PCBs over Chicago for June-October of 1995 

was 190+/- 80 ng/m2/day, and the range was 105 to 390 ng/m2/day. 
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Figure 10: Map showing atmospheric concentrations of PCBs over North America 
for 2000-2001; from Shen et al, 2006. 
 

Atmospheric concentrations and depositions of PCBs to the Chesapeake Bay are 

extensively documented as well. During April of 2005, Du S., Wall S., Cacia D., and 

Rodenburg L. (2009) deployed 32 passive air samplers at selected locations in 

metropolitan Philadelphia. For the 2005 study, the total PCB was defined as the sum of 

97 PCB congeners. Atmospheric concentrations of total PCBs were detected at each of 

the 32 locations. Total PCBs ranged from 31 ng/g to 645 ng/g. Similarly, atmospheric 

deposition to the City of Baltimore was investigated as part of a Ph. D. dissertation 
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(Larsen, 2002). The study was done in 1997. PCBs concentration in rainwater for the 

City of Baltimore was 6.1 nanograms per liter (ng/l), and the flux of PCBs for that year in 

Baltimore was estimated at 114 ug/m2/yr. Gas exchange was identified as the mechanism 

for the transfer of PCBs across the air-water interface. 

Leister & Baker (1994) also investigated atmospheric deposition of PCBs to the 

Chesapeake Bay. Their sampling station was at an elementary school located (38o 13’ N, 

76o 23’ W) near the confluence of the Potomac River and main Chesapeake Bay. The 

study used high volume air sampler and a specially designed precipitation collector to 

sample air and total precipitation. Total PCBs was defined as the sum of 74 PCBs 

congeners, and samples were collected from 1990 to 1991. Concentrations of total PCBs 

in air ranged from 17 to 508 pg/m3. The total loading of PCBs was estimated to be about 

38+/-7 kg/year, and the average concentration of PCB in air was .21 ng/m3. In a July 

1997 study, Brunciak et al (2001) measured atmospheric concentration of PCBs in the 

Chesapeake Bay. The average concentration of gaseous PCBs over the northern 

Chesapeake Bay was 550 pg/m3 and 34 pg/m3 for the Chesapeake Bay. The 

Rappahannock and York River watersheds are both in the Chesapeake Bay.  

Sediment Transport and Deposition by Rivers 
Understanding sediment transport and depositional processes are essential to a 

successful sampling of contaminated sediment in fluvial environment. Properties of 

sediments and fluid affect sediment transport and deposition. The objective of this section 

is to summarize pertinent properties and relationships between sediments and 

transporting fluids (river water). With respect to a PCB contaminated site in fluvial 
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environment, one of the most important determinants of contaminant adsorption of 

sediment is grain size. The diameter of sediment is used to categorize sediment into 

categories such as cobbles (diameters greater than 64 mm), pebbles (diameters between 4 

and 64 mm), sand size (diameters between 2 and 1/16 mm), and fine-grained silt and clay 

(particles with diameters less than 1/16 mm or 63 micrometers-um). In general, the 

composition of sediment in a river varies greatly. Lick (2009) suggested that fine-grained 

river sediments consists of clay minerals and inorganic particles (e.g. quartz) coated with 

the greatest amount of metal oxides, organic substances such as bacteria and humic 

substances, and proteins, and organic contaminants. Land uses such as urbanization (e.g. 

construction, transportation, maintenance, etc.), agriculture, and deforestation in a 

watershed generate sediments, and most of which consist of clay minerals. Precipitation 

from the hydrologic cycle is the source for runoff or overland flow within a drainage 

basin, and of infiltration recharges. Runoff and groundwater discharge are the two 

dominant sources of water in a river. Soil erosion due to wind action and surface runoff 

component of the hydrologic cycle transport sediments from land to river systems. Flow 

of waters in rivers such as the Rappahannock and York are classical examples of open-

channel flow (Allen, 1994), in that they are driven by gravity acting along the channel 

slope.  

For a uniform and steady state flow in a straight channel with rectangular cross 

section, the mean shear stress (t0) acting along the wetted perimeter of the channel (river 

banks and bottoms) is related to the slope of the channel (S), density of the fluid (ρ), 

gravitational acceleration (g), and the depth of water (h): 



83 
 

  

t0 = Sρgh.                                                                        

Equation 1 
During river flow along a sloping channel bed, the flowing river exchanges 

potential energy for kinetic energy, and the available power is used to accomplish work 

such as river bank and river bottom erosion, and sediment transport. Given that PCB-

contaminated sediments are transported in suspension, total discharge can contain PCB-

contaminated sediment and water. 

The volume of water and suspended sediment flowing past a point in a river is 

called total discharge (Gupta, 1989). Total discharge is a function of the size of the 

drainage basin, frequency, duration and intensity of total precipitation. Total discharge 

increases with increasing distance down river. Stream gauging is a set of procedures used 

to measure water level or stage of a river, average flow velocity, and cross sectional area. 

Cross sectional area and average velocity are used to calculate total discharge. A 

hydrograph is a graph showing total discharge at a stream gauging station over time. This 

study retrieved (USGS, 2011) and reviewed recent hydrographs of the Rappahannock and 

the York Rivers respectively. For the period May 2010 to March 2011, both hydrographs 

were similar. Stream flow or total discharge generally decreased from April in 2010 to 

early-October in 2010. Decreasing total discharge is an indication of less energy, low 

erosion and deposition of silt and clay at selected locations. Records from hydrographs 

can be used to guide and schedule sediment sampling.  

Transportation of sediment in a river can be in the form of saltation (rolling and 

sliding along the river bottom and banks), suspension, and dissolution. Most fine-grained 
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sediment is transported in suspension. Due to the comparatively larger surface-area-mass 

ratios, clay and silt are influenced by chemical (e.g. cation exchange capacity) and 

electrostatic effects (Lick, 2009). During river transport, the fine-grained sediments often 

aggregate together (form flocs) in the moving water. Moving downstream, the diameter 

and density of the flocs increase and the channel gradient and flow velocity decrease, so 

suspended sediments are increasingly deposited in an energy environment characterized 

by laminar flow to nearly still water environment. Due to varying stream velocity due to 

rainfall, fine-grained sediments already deposited often get re-suspended, transported and 

deposited again (Lick, 1994).  

According to the National Research Councils (2001), PCBs in river environments 

exist in three phases: dissolved phase, associated with dissolved organic carbon (DOC), 

and sorbed to surfaces of sediments along with oxides as already described above. In 

other words, there is partitioning (Ko and Baker, 1995) among the aqueous and 

particulate phases. Partitioning is a ratio of the concentration of contaminant in the 

particulate phase to the concentration in the aqueous phase. It is controlled by factors 

such as particle size and surface areas, aqueous solubility, and organic carbon contents. 

PCBs sorbed to sediments tend to settle out of suspension, get re-suspended and finally 

buried beneath the water-sediment interface.  

Maximum Turbidity Zone (MTZ) 
When particulate matter such as sediments and organics are suspended in a water 

column, the water become turbid (i.e. muddy appearance) and light penetration is reduced 

(NOAA, 2012). As the amount of suspended particulates increase in a river, the density 
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of the water column increases and the clarity of the water is also reduced. The flow of 

tidal currents can resuspend and move sediments and saline water into the interior of 

estuaries.  Between 1949 and 1951, a team of investigators collected physical and 

chemical measurements from the Chesapeake Bay (Pritchard, 1952). The occurrence and 

effects of tidal currents on the circulatory pattern within the Chesapeake Bay was also 

documented. The Pritchard study included data for parts of the Rappahannock and York 

River watersheds. They concluded that the physical structure and circulation pattern in 

the Chesapeake Bay consists of two layers: ocean-bound fresh water on top and landward 

moving salt water at the bottom with a gradual mixing zone in between the two layers. 

Wang (1979) made similar observations on wind-driven circulation  in the Chesapeake 

Bay. The presence of a partially mixed zone between saline and fresh water layers is 

classified as a Type B estuary in which flocculated particles are found in the turbidity 

maximum zone (Leeder, 1982).   

Abarnou  A., Avoine A., Dupont J., Lafite R., Simon S.  (1987) documented the 

distribution of PCBs in turbidity maximum zone of the Seine Estuary, France. The Seine 

River is the largest river discharging into the English Channel. Their objective was to 

document the relationship between suspended particulate matter and PCBs concentrations 

in the water column. Similar to the Chesapeake Bay, the TMZ within the Seine River is 

controlled by landward moving tidal current and seaward flow of fresh water.  The 

Abarnou study collected 12 sets of water samples containing suspended particulate matter 

in July (tidal dominated period)  of one year, and 18 sets of water samples of similar 

compositions in February (freshwater discharge dominated  period) of the same  year. 
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Each water sample was filtered and gas chromatography was used to measure PCBs in 

the filtrates. Sediment grain size distribution and salinity measurements were made as 

well.  For each of the two groups of water samples, they reported very strong correlations 

(r = .98; and r = .92) between suspended particulate matter and PCB concentrations in the 

TMZ. In other words, high concentrations of suspended particulate matter in the TMZ of 

the Seine River correlated with high concentrations of PCBs in the river at the sample 

locations. Similarly, Gagnon M., Dodson J., Comba M., and Kaiser K. (1990) 

investigated the TMZ of the St. Lawrence River and concluded that the TMZ of that river 

had significantly greater PCB concentrations than area above and below  the TMZ. 

Housman (2009) reported high concentrations of PCBs in the waters in the TMZ, 

salinity induced flocculation of suspended particulate matter there and  low 

concentrations of PCBs in riverbed sediments beneath the TMZ. The Housman study 

concluded that the TMZ of the Potomac River is not a high depositional zone for PCBs in 

sediments. This conclusion is inconsistent with findings from a study of PCBs in the 

TMZ of St. Lawrence River (Coakley et al, 1993). The Coakley team collected three 

sediment cores 18 to 54 centimeters long from three separate locations in the TMZ of the 

St. Lawrence River near Quebec, Canada. The cores were sectioned 2 centimeter 

intervals and PCBs were analyzed by GC-MS. PCBs increased with depths to 14 

centimeters, and then gradually decreased thereafter.  

Lin and Kuo conducted (2001) a two-year study of estuarine turbidity maximum 

(ETM) in the York River watershed. Their objective was to examine the mechanism and 

properties of the secondary estuarine maximum (STM) in the York River.  They 
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identified a primary ETM and a STM zones within the York River. The primary ETM 

was located at the confluence of the York River and its two major tributaries: the 

Mattaponi and the Pamunkey Rivers. This confluence is adjacent to the Town of West 

Point at the Route 33 Bridge over the York River. The STM was located upstream at 

about 20 to 40 km from the mouth of the York River and the main Chesapeake Bay. The 

Chesapeake Bay Program (CBP, 2005) identified locations of ETM in selected sub-

watersheds within the entire Chesapeake Bay watershed. The CBP study mapped 

locations of two ETM zones within the Rappahannock River watershed. The first ETM 

was near the Town of Tappahannock and the other ETM was just south and near the 

Town of Fredericksburg. Deposition of organic-rich sediment with the ETM is 

anticipated. Since fine-grained organic-rich sediment is associated total PCBs in river 

sediment (NRC, 2001), the presence of ETM is viewed as one of the contributing factors 

(i.e. in addition to land use) for the accumulation of PCB-contaminated sediments in a 

watershed. Concentrations of total PCBs in sediment samples from approximate locations 

of ETM are briefly discussed at the end of recommended future studies. Reason follows. 

The ETM is not stationary but migrate back and forth based on several factors (Lin and 

Kuo, 2001). Since this dissertation made no measurements to determine the locations of 

the ETM at the time of sediment sampling, approximate locations of the ETM at the time 

of sampling were unknown. whether or not the presence of ETM zones within each 

watershed translates into significantly higher concentrations of total PCBs in river 

sediments at these locations should be the subject of future study. 



88 
 

Biotransport and deposition of PCBs in rivers and oceans 
Ewald G., Larson P., Linge H., Okla L., and Szarzi N. (1998) studied sockeye 

salmon (oncorhynchus nerka) in the Copper River of Alaska. The salmon were hatched in 

Alaskan fresh water, and migrated to the Pacific Ocean (Gulf of Alaska). During their 2-3 

year stay in the pacific, they fed on small fish. The salmon return to spawn in fresh water 

lakes and rivers, and die thereafter. The researchers sampled salmon tissues and 

performed chemical analyses for PCBs. As compared to fresh water salmon, tissues from 

the dying salmon contained relatively higher concentrations of PCBs. They concluded 

that salmon are biotransporters of PCBs and other pollutants from the Pacific Ocean to 

their freshwater spawning sites. Dead salmon contributed PCB-contaminated sediments 

to fresh water rivers and lakes. Livers from blue shark (Prionacce glauca) in the 

Mediterranean Sea (Storelli M., Barone G., Storelli A., and Marcotrigiano G., 2011) were 

found to contain and transport PCBs. Similar observations were reported by Braune et al 

(2005), and Joiris and Overloop (1991). Between 1992 and 1998 (Froescheis, O., Looser 

R., Cailliet G., Jarman W., and Ballschmiter, K. 2000) reported PCBs in fish such as cod 

from the North Sea, halibut from the North Atlantic, and kingclip from the South 

Atlantic. Total PCBs ranged from108 ug/kg to 2080 ug/kg. They concluded that deep sea 

biota and sediments are places where PCBs and other contaminants accumulate. Similarly 

from 1993 to 2008, the VA-DEQ sampled and detected PCBs in several fish (VA DEQ, 

2010) species (e.g. American eel, croker, etc.) in the York and Rappahannock Rivers. For 

the 2008 fish tissues sampling for PCBs in the York River watershed, total PCB 

concentration of 778 ppb was detected in one carp. Certain striped bass, American eel, 

blue crabs and gizzard shads reportedly (please see weblink 4 lines above) contained 
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PCBs. Fish tissues sampling data from the Rappahannock River basin exists for the 

period 2006. Certain American eel, catfish, gizzard shad also contained PCBs. Meat and 

meat products containing PCBs were also reported in Brazil (Costoabeber et al, 2006). 
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LAND USE AND POTENTIAL SOURCES OF PCBS 

Background Value of PCBs 
Background value is a geochemical term that made its way into the environmental 

literature. In geochemistry, background value is the natural concentration of a chemical in 

a particular geochemical environment (Goldschmidt, 1945). Since PCBs were invented in 

1929, the argument is made here that prior to 1929, background values for PCBs in the 

Rappahannock and York watersheds were zero. Today, PCBs are almost everywhere in 

the earth’s biosphere, atmosphere, hydrosphere, and lithosphere.  

In the Rappahannock and York Watersheds, the background values for PCBs 

should be the average values for PCBs in each of the following matrixes: soil/sediment, 

water, atmosphere and biological (i.e. plant and animal) tissues. We would expect that the 

background value for PCBs in sediment and soil should be different from background 

value for PCBs in biological (e.g. fish/human/animal, or plant) tissues, and both values 

should be different from background for PCBs in water. As an example, the USGS 

(Walter C., Perkins S., Clark R., and Tegerdine, G., 2005) used average concentration of 

PCBs in field blanks to determine background value for PBCs in surface water at Lake 

Anna, Virginia.  

What is the background for PCBs in the Rappahannock and York watersheds, and 

on what criteria should it be based? Since PCBs are ingredients for such things as 

pesticides, caulks, rubbers, sealants, dedusting agents, wax extenders, background value 
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for PCBs should be determined in the context of land use. Land use should be one of the 

most influential criteria for determining background value for PCBs. This approach was 

used by researchers from the United States Geological Survey (USGS) who had shown 

that urbanization, construction and maintenance of industrial facilities, waste 

management and agricultural activities can lead to PCBs and organochlorine pesticides in 

adjacent water bodies (Wong C., Capel P., and Nowell L., 2000). Similarly, investigators 

(King et al, 2004) found moderate to very strong correlation (r2 ranged from .51 to .99) 

between land use and concentrations of PCBs in white perch (Morone americana) in the 

Chesapeake Bay.  

The importance of knowing the local (e.g. watershed) background value for PCBs 

is that the Toxic Substance Control Act (TSCA) Regulations 

(http://www.epa.gov/pcbsincaulk/caulkremoval.htm, 2012 June) defined PCB-

contaminated material (e.g. sediments) as a material containing 50 milligram per 

kilogram (mg/kg) of PCBs. Regulators normally do not take any actions (e.g. to demand 

a site cleanup) if PCBs in sediment at a site is below 50 mg/kg. In other words, 

concentrations of PCBs in sediment below 50 mg/kg is considered as “no action level” 

and tacitly viewed as “legacy contaminants”.  

Agricultural Land Use  
This section is intended to characterized and summarize land use patterns in both 

the Rappahannock and York watersheds. In the following discussions, land uses that are 

known to or have the potential to release PCBs in the environment are emphasized. The 

http://www.epa.gov/pcbsincaulk/caulkremoval.htm�
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interaction of forested land and atmospheric deposition of PCBs, as well as the impacts of 

agricultural land use as potential sources of PCBs are discussed first.  

Maryland Department of Agriculture used 5 Fs to define agriculture: food, 

farming, fabric, flowers and forestry 

(http://www.mda.state.md.us/mdfarmtoschool/pdf/f2s_ag_list.pdf, 2012, January). 

According to the University of Virginia Center for Economic and Policy Studies 

(Rephann, 2008), forestry and agriculture are the two dominant forms of land uses in 

Virginia. Roughly 82% of the total land area of the Commonwealth of Virginia is used 

for forestry, croplands, pasture and range. Forestry and agriculture dominate land uses in 

both the Rappahannock and York watersheds. The four  structures of a forest are the 

canopy or treetops, the understory of relatively shorter trees and tall shrubs beneath the 

canopy, the shrubs and herbs layers beneath understory, and, the forest floor (Smith and 

Smith, 2001). Tree leaves and branches at the canopy level of forested area remove POPs 

and PCBs from the atmosphere (Nizzetto L., Cassani C., and Di Guardo, A. , 2006). Tree 

leaves do interfere with atmospheric transport of PCBs at that elevation; it also enhances 

deposition of PCBs on leaves and branches. It follows that forested lands are a sink for 

atmospheric PCBs. Precipitation (e.g. rain, snow falls, and hail) can move POPs and 

PCBs from the canopy to lower elevations and the forest floor.  

Forest floors are generally covered with humus, dead vegetation and 

shrubs/grasses. On the forest floor, light penetration and runoffs are lower; and the 

deposition, infiltration, and detention storage are higher. Evaporation and volatization of 

PCBs are also lower. A basic yet scientific definition of soil is a solid and unconsolidated 

http://www.mda.state.md.us/mdfarmtoschool/pdf/f2s_ag_list.pdf�
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(not naturally compacted) combination of minerals, organic matter, liquid and air 

(http://soils.usda.gov/education/facts/soil.html, 2010, October 29). Erosion is the physical 

removal and transportation of this soil from one place to another by water from rain and 

snow melt and wind. Soil erosion is directly related to the vegetation cover, slope, 

amount of impervious surfaces, differences in ground elevations, and climate.  

Unlike forested areas, most farm lands are generally clear or shrubby. The 

deposition of PCBs on cropland comes from three general sources: atmospheric 

deposition, pesticide applications and sludge application to farmlands (Berthouex & Gan, 

1991). Sludge is wet solids, liquid residues and semisolids derived from municipal 

wastewater or sewage treatment processes. Sewage sludges are rich in pathogens and 

metals, and traces of organic pollutants including PCBs (Alcock et al,1996). The U.S. 

EPA used its authority under the CWA Amendments of 1987 to establish standards for 

disposal or use of sewage sludge. The set of regulations is found in 40 CFR 503 

(Evanylo, 2009).  

Prior to 1987, sewage sludges were commonly applied to farm and forest lands as 

fertilizers . In order to protect human health and the environment, sewage sludges are 

routinely converted to biosolids prior to land application for agricultural purposes. These 

approved biosolids are made from sludge that goes through thickening to remove water 

and reduce volume, a digestion or biological stabilization to remove some pathogens, an 

alkaline treatment to raise pH and reduce pathogens, a composting to further reduce 

pathogens and lower biological activities, and finally heat drying to kill pathogens.  

http://soils.usda.gov/education/facts/soil.html, 2010�
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Researchers have established relationships between sludge and biosolids 

applications to farmlands, in turn of the occurrence of PCBs in soil and in eroded 

sediments from these sites. For instance, in Madison, Wisconsin (Berthouex & Gan, 

1991), the Madison Metropolitan Sewage District conducted a five-year (1985-1990) 

field experiment on sludge application to farmland. PCB contaminated sludges were 

applied to 24 plots of land, and 6 control plot of land without PCB contaminated sludges. 

Results from chemical analyses revealed that soil and soil in sediment runoff from the 

sludge application sites were contaminated with PCBs. Concentrations of PCBs in 

sediment runoff from sludge application sites correlated with concentration of PCBs in 

soil at sludge application sites. The highly chlorinated (i.e. 5-8 chlorinated) PCB isomers 

were more persistent in soil and sediment runoff. Similarly, the Greater Chicago Water 

Reclamation District (Lakhwinder et al, 2008) conducted a 30-year (1973-2003) field 

experiment with Dioxins and PCB-contaminated biosolids application to farmland. The 

study found PCB contaminated soils at sites where PCB-contaminated biosolids were 

used as fertilizer for farmland.  

The Virginia Department of Health maintains a database of biosolids application 

information in Virginia. This database lists biosolid applications permits and their 

locations in both the Rappahannock and York watersheds. Between 1996 and 2007, 

biosolids were applied to 222, 437 acres of farmland throughout both watersheds. In 2003 

and for all of Virginia, roughly 2.4 million tons of sediment eroded from uplands to 

waterways (Bryant, 2009). During that same period, 332, 430 tons and 125,770 tons of 

sediments eroded from upland to the Rappahannock and York watershed respectively. 
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Figure 11 is an example showing potential runoff from a farmland in the Rappahannock 

River watershed. This section of the Rappahannock River has very little to no vegetative 

buffer to filter runoff from adjacent lands. The ditches are unprotected with no sediment 

trap nor filter. As a result, the river is greenish and turbid, an indication of poor water 

quality. Sediment sample number RA-25 that contained the second highest total PCBs 

detected in this watershed was collected from between the northbound and southbound 

lanes of the bridge on Route 29 below.  
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Figure 11: : Aerial photograph showing farmlands, drainage ditches, wooded lots 
and Route 29 Bridge over the Robinson River near the Town of Madison, VA. 
Modified from Google Map 12/2011 
 

In March of 2002, the Inspector General of the U.S. EPA published a status report 

(EPA, 2002),  summarizing page 35 on land application of biosolids in the United States; 

including data for Virginia. A total of about 180,020 dry metric tons (DMT) of biosolids 

was applied to lands in 31 counties in Virginia. Twelve of the 31 counties reported by the 

EPA are in the Rappahannock and York watersheds. The twelve counties within the 

Rappahannock and York watersheds accounted for roughly 122,393 DMT of biosolids or 

68% of total biosolids applied in Virginia for the year 2000. Figure 12 is a pie chart 

showing the total amount of biosolids applied in both watersheds relative to other 

counties in Virginia. 
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Figure 12: Approximate Total Metric Tons of Biosolids Applied in Virginia for the 
year 2000 
  

  

68%
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Rappahannock & York Watersheds Rest of Virginia
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 Summary of Land Use in Rappahannock River Watershed 
Rappahannock River watershed is roughly 2,700 square miles or 1, 710,000 acres 

(VA DCR, 2005). Its reported population was about 256,000 people in 2000. All or parts 

of roughly 18 counties ) are within the Rappahannock watershed. The types, frequencies, 

locations and intensities of land uses (pesticide applications, transportation and chemical 

spills, waste disposal) are directly related to the presence and size of human population. 

There are four major population centers in the Rappahannock watershed. The Town of 

Fredericksburg had a population of about 23, 193 

(http://factfinder2.census.gov/faces/nav/jsf/pages/index.xhtml, 2009,). Fredericksburg is a 

sprawling college and urban center. This same source also provided population data for  

other towns in each watershed. For example, the population of the Town of Culpeper was 

about 14, 028 . Saluda’s population was 10,000; and Fort A P. Hill’s population was 

about 3,345.. Roughly 52% of the total surface area is forest; 28 % of the total surface 

area is pasture or cropland; and 7% urban. An estimated 332,430 tons of sediments was 

washed from upland and into the Rappahannock River in 2003 (Virginia Department of 

Natural Resources, 2004).  

The Rappahannock River Basin Commission recognizes three main land use 

classes: Forest, urban, and agricultural (, http://www.rappriverbasin.org/, June, 2009). In 

the following study, there will be a fourth category of land use: industrial/urban (IU) 

class. This determination was based  on interpretation of aerial photographs and site 

inspections.  This fourth class of land use includes oil refineries, wastewater treatment 

plants (WWTPs), railroad/ airports and seaport facilities, factories, power plants, 

superfund and RCRA sites.  

http://factfinder2.census.gov/faces/nav/jsf/pages/index.xhtml�
http://www.rappriverbasin.org/�
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Wastewater Treatment Plants 
Municipal wastewater consists of sewage and used water from homes, offices, 

schools and universities, hospitals, commercial and certain industrial facilities. For older 

cities, stormwater runoffs from streets are included. Systems of pipes and pumps are used 

to collect and convey wastewater to a central treatment facility. Physical, chemical and 

biological processes are used to separate solids (or sludge) from wastewater and reduce 

the concentrations of pollutants. Maintenance and operation of WWTPs are industrial 

land uses which are widespread throughout the Rappahannock watershed. For instance, 

figure 13 shows Town of Culpeper WWTP. The discharge point is on a stream located to 

the right-end of the photograph in figure 13. This stream is a tributary to the 

Rappahannock River.  
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Figure 13: Aerial photograph showing the Town of Culpeper WWTP near Route 15, 
Culpeper County. modified from Google Map, 12/2011 
 

 WWTPs are regulated by permit under the Virginia Pollutant Discharge 

Elimination System (VPDES). VPDES is the Virginia equivalent of the National 

Pollutant Discharge Elimination System (NPDES). NPDES is authorized under the 

federal CWA of 1972. There are roughly 97 WWTPS throughout the watershed. Twenty 

five out of the 97 WWTPs are considered significant dischargers. The designed volume 

of wastewater discharged by the 25 plants ranges from 10,000 gallon per day (gpd) to 6 

million gallons per day (mgd). Table 6 is a list showing the WWTPs and selected 

pollution sources. Approximate total wastewater designed flow of the 25 plants is 51.0 

mgd. This figure does not include individual on-site septic systems, nor discharge from 

marinas. An estimate from the Rappahannock River Basin Commission 

(http://www.rappriverbasin.org/atlas.htm, 2010, August) is that over 40 mgd of 

http://www.rappriverbasin.org/atlas.htm�


101 
 

wastewater is actually discharged to the watershed daily. This amount includes municipal 

and industrial wastewater. The presence of PCBs in river sediments in Virginia was first 

reported and traced to a WWTP in Culpeper County (Wallmeyer 1972). Culpeper County 

is farther upstream within the northwestern section of the Rappahannock watershed. In 

addition to municipal WWTPs, listings of other forms of land uses which are potential 

sources of PCBs are shown in Table 6.  

Chemical Released from Various Sources 
In addition to WWTPs, Appendix L of the 2008 Toxic Inventory Report (VA 

DEQ, 2010) shows four major facilities that released toxic chemicals in the 

Rappahannock watershed: Fort A.P. Hill (a military facility) in Caroline County released 

a combined total of 50,050 pounds of toxic chemicals to air, surface water and soil. 

Masco BCG-a furnisher company in Culpeper County released 14,226 pounds of toxic 

chemicals. PCBs are major components of adhesives and surface coatings 

(www.atsdr.cdc.gov). Similarly, Birchwood power plant (see figure 14) in King George 

County and Fiberglass Engineering Company in Fauquier County respectively released 

12,990 and 15,316 pounds of toxic chemicals to the environment (i.e. air, surface water 

and soil). Figure 14 is located at roughly half a miles from the Rappahannock River. The 

oval-shaped line around the facility in figure 14 is a rail road, another potential source of 

PCB release to the environment. Wastewater management ponds are near the lower right  

in figure 14. 
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Figure 14: Aerial photograph showing Birchwood power plant located east of 
Fredericksburg on Route 3, VA. Modified from Google Map, 12/2011 
 

Figure 15 is a combination of electric power plant and WWTP located at Doswell 

in the York River watershed. A smoke stack from the power plant is located near lower 

left of the photograph in figure 15. Clarifiers and wastewater lagoons are at the top of the 

photograph, and the curved line/track running from upper right to the center of the 

photograph in figure 15 is a railroad. Additional potential sources of pollution in both 

watersheds which are not shown in Table 6 include: vehicle repair facilities; automobile 

junkyards & salvage facilities, abandoned mines, smelting plants, waste-to-energy 

recovery facilities, electrical transformer storage and repair facilities, capacitors and 

transformer production facilities, tool and die shops, chemical solvent recovery facilities, 
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marinas, fuel de pots, wood treatment facilities, pesticide storage facilities, laboratories, 

oil/chemical spill sites, individual septic systems and smaller (less than 10,000 gpd)  

WWTPs. 

 

  

Figure 15: Doswell Power Plant and a WWTP in the Rappahannock River 
watersheds near Ashland, VA.  Modified from Google Map, 11/2011 
 

Parenthesized numbers shown in Table 6 are the ranking for each category of 

pollution sources. For instance, WWTPs are ranked number 1 in the Rappahannock 

watershed, followed by landfills with a rank of 2. In the York watershed, landfills ranked 

number 1, incinerators ranked number 2, and WWTPs are ranked number 3. 
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Table 6: Selected Land Use in Both Rappahannock & York watersheds 

Watershed Facility Type Total  
Count Watershed Facility Type Total  

Count 

Rappahannock WWTP 97 (1) York WWTP 11 (3) 

Rappahannock Landfills 44 (2) York Landfills 52 (1) 

Rappahannock Power plants 6 (5) York Power Plants 8 (4) 

Rappahannock Superfund Sites 10 (3) York Superfund Sites 8 (4) 

Rappahannock Factory 
1 (GMC 

 plant  (8) 

York Factories/Plants 

(refinery; paper mill) 
3 (6) 

Rappahannock Petroleum 

Pipeline 
3 (7) York Petroleum Pipeline 4 (5) 

Rappahannock Railroads 4  (6) York Railroads 4 (5) 

Rappahannock RCRA facility 7 (4) York RCRA Facilities 4 (5) 

Rappahannock Incinerators 10  (3) York Incinerators 12 (2) 

Rappahannock DoD Sites 1 (8) York DoD Sites 2 (7) 

 

Petroleum Pipelines 
There are four major petroleum pipelines crisscrossing both watersheds. Three 

pipelines are generally parallel to Interstate 95; and a third pipeline is generally parallel to 

Interstate 64. PCB-based oils are used as pipeline compressor lubricants (U.S. EPA, 

2004), and as plug valve sealants. According to the U.S. EPA Polychlorinated Biphenyl 

Inspection Manual (2004), maintenance facilities at certain gas pipeline transmission 
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companies have PCB transformers, capacitors and compressors. Pipeline transmission 

handling facilities and pipelines contains PCBs both in the gas and condensate phases 

(Brill, et al, 1990). PCBs predominate in the condensate phase of gas pipeline systems. 

Liquid phase of gas pipeline products would contain traces of PCBs. Figure 16 shows 

three abandoned and decaying petroleum pipeline in the Rappahannock River. 
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Figure 16: Photograph showing abandoned and decaying petroleum pipelines 
adjacent to Route 360 Bridge over the Rappahannock River at Tappahannock, VA. 
 

Between 1985 and 1994, there were roughly 1,313,200 gallons of oil spills in the 

entire Chesapeake Bay (Balch, 1997). Gas pipeline was listed as the largest contributing 

source of oil spills. About 37% of the total volume came from pipeline spills. Very few 

pipeline spills were less than 1000 gallons. Roughly 71% or 932,380 gallons of the total 

volume of oil spills for that period was diesel or # 2 fuel. On March 6, 1980, roughly 

336,000 gallons of kerosene spilled on the Rappahannock River; another 92,000 gallons 
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of fuel oil spilled during about the same time at another location on the Rapidan and 

Rappahannock Rivers. The spill was due to ruptured 32-inch gas pipeline. Nine years 

later in December 1989, 212,000 gallons of kerosene spilled within the same 

Rappahannock River basin at a different location (Orange County). Oil spills from 

pipeline are potential sources of PCBs. Figure 16 is a field photograph showing 

apparently abandoned oil pipelines. Sediment sample #RA-7 was collected upstream 

(upper left) of this location. Greenish color of water shown in figure 16 is most likely due 

to algae growth and turbidity. Algae growth and greenish turbid water are likely 

indicators of poor water quality (Reay, 2009). 

Highways and Bridges 
The Federal Highway Administration (FHWA) researched and documented the 

impacts of stormwater runoff from highways and bridges (Lord, 1987). In a six volumes 

documentation, the National Cooperative Highway Research Program (NCHRP) 

concluded that runoff from highways and bridges contribute contaminants to receiving 

surface and groundwater in a watershed (Dupuis, 2002). Runoff from highways contains 

heavy metals, petroleum, pesticides, pathogenic bacteria, PAHs and PCBs. Bridge paints 

and bridge bearings do contain PCBs. Additional sources of PCBs from highways include 

spraying herbicides and pesticides on right-of-ways, and atmospheric deposition on right-

of ways. Jartun M., Osttesen R., Steinnes E., and Volden T., (2008) sampled and 

chemically analyzed sediments from stormwater trans and drop inlets along highways 

and other impervious urban areas. The Jartun study detected traces of PCBs. The USGS 

(Wagner et al,  2011) characterized stormwater runoff from bridges in North Carolina. 
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The presence of PCBs in runoff from bridges was attributed to highway sources already 

discussed. This study consulted the Virginia Department of transportation and obtained 

estimates for total bridges and miles of paved roads in both watersheds. There are 

approximately 12,000 miles of paved roads and 1,800  bridges in both the Rappahannock 

and York watersheds. Sediment sampling for this research was performed during the 

summer months of late June to July, 2011. Bridge maintenance activities were at a 

maximum during the summer and coincided with sediment sampling. Figure 17 is a 

photograph showing maintenance of the Route 360 Bridge over the Rappahannock River. 

The right side of the steel bridge is freshly painted as compared to the left side of the 

bridge. The light brown tarp near the middle of the bridge is a containment to minimize 

airborne particulates due to bridge cleaning from escaping. Bridge bearings and paints 

can contain PCBs. downstream is to the right of the photograph in figure 17. 
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Figure 17: Photograph showing bridge painting and maintenance activities on 
Route 360 Bridge over the Rappahannock River. 
 

Summary of Land Uses in the York River Watershed  

The York River has two major tributaries: Pamunkey and Mattaponi Rivers. Its 

surface area is roughly 2,670 square miles or 1,707,840 acres (VA DCR, 2005). The 

basin covers all or portions of twelve counties including King William, New Kent, 

Louisa, York, James City, Hanover. The 2006 (http://www.deq.state.va.us/vanaturally, 

2010, June 27) human population of the York River watershed is estimated at 310,000. 

Yorktown, West Point, Gloucester Point, and parts of Williamsburg are densely 

populated. The Virginia Department of Conservation and Recreation recognized three 

categories or land used in the York watershed. Forest, agriculture, and urban. Forested 

area accounts for roughly 62%, agricultural land use is about 16% and urban is roughly 

http://www.deq.state.va.us/vanaturally�
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6% . This dissertation reviewed government databases, aerial photographs and performed 

site reconnaissance. A fourth class of land use created by this study is Industrial-Military 

Facilities or (IMF). This class of land use includes Yorktown refinery, U.S Navy Weapon 

Station, the Defense Department Cheatham Annex, Camp Peary, St Laurent paper mill, 

and a coal powered electric power plant. The IMF class of land use is concentrated within 

the lower 1/3 of the York watershed: from the Town of West Point to the Atlantic Ocean.  

Runoff from agricultural and rural lands contributes sediments to the York and its 

tributary. According to a 2004 report to the Commonwealth of Virginia General 

Assembly (http://leg2.state.va.us/, 2010, July 3), a total of about 125,770 tons of 

sediments was washed into the York River in 2003. Since PCBs are common pesticide 

extenders, runoff from certain farmlands are potential non-point sources of PCBs. 

Similarly, runoffs from urban areas such as building renovation activities, stormwater 

management ponds are potential non-point sources of PCBs. For instance, researchers 

(Martel J., Rickert, D., and Siege F., 1975) investigated two suburban watersheds in 

Reston, Virginia. Their objectives were to determine the presence, concentrations, and 

distributions of PCBs. They detected PCBs and concluded that PCBs in their study area 

came from diffused sources; and, entered surface water flow system through stormwater 

runoffs. 

Superfund Sites 
Base flows (i.e. ground water discharge to springs and rivers) from hazardous 

waste and Superfund sites are potential point sources of PCBs, PAHs, semi-volatile 

organic compounds (SVOCs). According to the U.S. EPA (Brewster, 2000), a continuous 

http://leg2.state.va.us/�
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source plume of groundwater containing contaminants can eventually enter streambeds 

and discharge contaminants at groundwater discharge locations. Stream erosion can then 

spread contaminants from groundwater discharge (including baseflow) locations to other 

parts of the river system. An example is the U.S Navy Weapon Station at Yorktown 

(http://www.deq/superfund/yorktow.pdf,  2010, September 11).  

 

  

Figure 18:  York Town Superfund site near the Route 17 Bridge over the York 
River in the York River watershed, modified from Google Map, 9/2011. 
 
 

Between 1940 and 1981, the 4,000-hectar facility (see figure 18) disposed of 

hazardous wastes at 21 separate locations including landfills. The Chesapeake Bay is 

located to the right of Route 17 Bridge in figure 18. One location, site # 13 appears to be 

http://www.deq.virginia.gov/waste/pdf/superfund/yorktow.pdf�
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on the edge of the York River. The surplus transformer storage site (#5) was less than 

half a kilometer from the edge of the York River. Roughly 5 out of 21 hazardous waste 

disposal sites were contaminated with PCBs. Site #17 was contaminated with hydraulic 

fluids containing PCBs; two other landfill sites (# 4 and 16) were also contaminated with 

PCBs. These PCB-contaminated sites are located at between .25 to 2 kilometers from the 

edge of the York River. According to the Chesapeake Bay program of the U.S. EPA 

(http://www.chesapeakebay.net/pcbs.aspx?menuitem=19494, 2010, July 11), landfills are 

one source of PCBs to local stream and rivers, where PCBs accumulate in bottom 

sediments. 

Surface runoff and ground water flow directions from the Navy Superfund site are 

towards the York River. PCB-contaminated soils were reportedly excavated and disposed 

off-sites. Similarly, a Department of Defense (DOD) site called Camp Peary excavated 

665 cubic yard or PCB contaminated soil. The H & H Burn Pit is also another major 

Superfund sites (http://www.deq.state.va.us , July 11, 2010). From 1960 to 1976, a 

chemical company used an open pits on a 1-acre property near Montpelier (see map) to 

burn dry printing inks, solvents and resins. Soil and groundwater at the site was 

contaminated with PCBs, benzene, toluene, lead, methyl ethyl ketone (MEK) and 

acetone. Some PCB-contaminated soil were excavated and disposed off-site. 

Industrial Facilities  
  

WWTPs are major point sources of pollution to the York River watershed. 

Accordingly to the Chesapeake Bay Foundation, roughly 91 million gallons of 

http://www.chesapeakebay.net/pcbs.aspx?menuitem=19494�
http://www.deq.state.va.us/�
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wastewater per day are discharged to the York watershed 

(http://www.cbf.org/Document.Doc?id=242, 2010, September 20). A total of 11 major 

(10,000 gpd and above) wastewater dischargers are listed in the York River watershed 

(see table 6). According to Table 6 of the 2008 Toxic Inventory Report (Virginia DEQ, 

2010), a total of 19,221,900 pounds of toxic chemicals were released to WWTPs in 

Virginia. Two major industrial wastewater dischargers include the Giant Oil Refinery at 

York Town (see figure 20), and the Smurfit pulp and paper plant at West Point (see 

figure 19). Figure 19 also shows Route 30 Bridge over the Pamunkey River, a tributary to 

the York River at West Point, VA. Sediment sample #YK-6 was collected from an area 

near the lower right of the photograph in figure 19. Downstream is to the right of figure 

19. For the year 2008 alone (VA DEQ, 2010), the Smurfit paper plant (aka Smurfit-Stone 

Container Enterprise, Inc.) released a total of 1,323,250 pounds of toxic chemicals to the 

environment (to air, surface water, and soil). 

http://www.cbf.org/Document.Doc?id=242�
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Figure 19: Field photograph showing Smurfit Paper Plant (with smoke stacks) 
 

York Town refinery was designed to discharge 53 million gallons of wastewater 

per day. Due to energy consumption and emergency, oil refineries usually operate or are 

associated with power plants. The same is true for the Giant Refinery at York Town. 

According to Appendix L of the 2008 Toxic Inventory Release report (VA DEQ, 2010), 

Dominion Resources power plant at York and the York Town Refinery released (i.e. to 

air, surface water and soil) a total of 1,393,165 pounds and 270,035 pounds of toxic 

chemicals respectively. Similarly and in Hanover County, Doswell Power Plants and 
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Bear Island LLC Division (a pulp and paper plant) respectively released 114,090 pounds 

and 79,180 pounds of toxic chemical to the environment (air, surface water and soil). 

Used transformers and capacitors from power plants are potential sources of PCBs. For 

instance, PCBs concentrations was investigated and reported for ambient air around a 

petroleum refinery and urban areas in Taiwan (Lee et al, 1996). Similarly, PCBs and 

other contaminants were found in a section of the Delaware River in the vicinity of 

Motiva Oil Refinery (Hall and Burton, 2010). In addition to the refinery, The Smurfit 

paper plant was designed to discharge about 23 mgd. Industrial wastewater discharged 

from the Allied Paper Inc. paper plant adjacent to the Kalamazoo River was reported as 

the source of PCBs at Kalamazoo River Superfund site (Kay  et al,, 2005). Allied Paper 

Inc. recycled and manufactured carbonless paper. Ink solvent used in the production of 

carbonless paper contained PCBs in the form of Archlor 1242. Six laboratories 

consistently detected PCB (Archlor 1242) in paper mill effluents with roughly 96.0 % 

recovery rate and a relative standard deviation (RSD) of about 15% (Delfino and Easty, 

1979). Major municipal wastewater dischargers are Caroline county, and Hampton Rd 

Sanitation District (HRSD) plant at York Town. The HRSD has a design flow of .5 mgd 

and processes wastewater for about 1.6 million residents of Hampton Road Metropolitan 

area. The above estimate does not include individual on-site septic systems. The oldest 

report on PCB-contaminated sediment (Wallmeeyer, 1972) in Virginia was traced to a 

wastewater treatment plant. 
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Figure 20: Aerial photograph showing the York Town Oil Refinery on the York 
River, modified from Google Map, 2011. 
  

Toxic Release Inventory Data  
In 1986, the United State Congress passed a law called Superfund Amendments 

and Reauthorization Act (SARA). Emergency Planning and Community Right-to-Know 

(EPCRA) provisions are provided in Title III, Section 313 of SARA 

(http://www.deq.state.va.us/sara3, May 2010). Under EPCRA, facilities (including 

government) that store, manage, manufacture, process, distribute and/or release certain 

quantities of hazardous and toxic chemicals must keep records and report same to local 

http://www.deq.state.va.us/sara3�
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authorities. The state and U.S. EPA must keep records and make the records available to 

communities. VA- DEQ established the Toxic Inventory Release Database (TRI) to keep 

records of hazardous and toxic chemical releases reported to VA-DEQ. This study 

accessed and reviewed the VA-DEQ TRI database on October 2010: at: 

http://www.deq.virginia.gov/Programs/Air/AirQualityPlanningEmissions/SARATitleIII/

SARA313ToxicsReleaseInventory/VA2010ToxicsReleaseInventoryReport.aspx. Table 7 

is an 11-year summary of toxic chemicals released in Virginia. 

 

Table 7: Summary of Toxic Chemical Release Inventory Data for Virginia 

Year Released to Air 
(pounds) 

Released to 
Water (pounds) 

Released to 
Land (pounds) 

Released to 
WWTP (pounds) 

Total on-site   
Release 
(pounds) 

1998 
 

63,917,097 6,301,409 4,392,513 13,968,181 
88,579,200 

1999 
 

61,406,080 6,157,115 5,344,373 17,653,192 90,560,760 

2000 
 

58,848,923 8,190,510 5,955,480 16,812,896 89,807,809 

2001 
 

57,127,421 7,000,339 6,442,197 17,805,370 88,375,327 

2002 
 

56,923,331 8,262,375 5,973,503 17,438,242 
88,597,451 

2003 
 

50,962,772 8,199,535 5,612,934 18,771,839.2 83,547,080 

2004 
 

48,124,542 8,681,965 5,612,934 15,616,396 78,035,837 

2005 
 

41,167,066 9,880,733 4,865,708 19,008,319 74,921,826 

2006 
 

41,443,291.54 19,455,743.17 4,913,971.00 11,827,187.42 
77,640,193.13 

2007 
 

40,069,641.41 20,291,866.91 4,431,669.94 21,049,720.80 85,842,899.06 

2008 
 

28,322,939.00 20,289,764.00 2,950,731.00 19,221,876 70,785,310 
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Each chemical in the TRI database has reportable limit or reporting threshold. For 

instance, the reporting threshold for total PCBs is 10 lbs. Similarly, reporting thresholds 

for total PAHs is 100 lbs., and that of mercury and mercury compounds are 10 lbs. each. 

Any facilities that released up to 9 lbs. of PCBs do not have to report to DEQ nor EPA. 

That is facilities can release quantities of toxic chemicals below the legal threshold 

without reporting to authorities. Figure 21 is a bar graph of data shown in Table 7. Figure 

21 suggests that total toxic chemicals released to air in Virginia were generally 

decreasing from 1998 to 2008. On the contrary and for the same period, total toxic 

released to water appeared to be generally increasing. Toxic released to land slightly 

increased from 1998 to about 2001, and slightly decreased thereafter.  
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Figure 21: Summary of Toxic Chemicals Released in Virginia, data from VA-DEQ, 
2011 
 

There are two groups of chemicals in the TRI database. The first group is general 

toxic/hazardous chemicals such as chromium, arsenic, sulfuric acids, Xylene, phenols, 

etc. The second group is called persistent bioaccumulative and toxic (PBT) chemicals 

(http://www.epa.gov/enviro/triexplorer/list-chemical-pbt.htm, 2010, March 17). PBT 

includes PAHs, PCBs, mercury, and dioxin-like compounds. There are 20 PBT 

chemicals. They are called PBT for two main reasons. 1) PBT chemicals accumulate, 

remain generally stable and persist in ecosystems for a very long period of time; and 2) 
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PBT chemicals have the propensity to adhere to and reside in living animal tissues and fat 

for very long time. For the period 2001 to 2008, this study extracted data for PBT 

chemicals for each of the two watersheds. Table 8 is a summary of PBT chemicals for 

each watershed. Starting from left to right, total pounds of toxic chemicals shown in 

columns 3 and 6 were ranked and numbered as shown in parentheses. The median (i.e. 

the average of #4 and 5) total PBT for each watershed is 53,246.3 lbs. for Rappahannock; 

and, 43,406.11 pounds for York watershed respectively.  

 

Table 8: Summary of PBT Chemicals Released in the Rappahannock & York 
Watersheds 
Watershed Year Total PBT 

Released  
(pounds) 

Watershed Year Total PBT Released 
(pounds) 

Rappahannock 2001 54995.6(4) York 2001 41126.63(6) 
Rappahannock 2002 513.69(6) York 2002 41,382.22(5) 
Rappahannock 2003 59,744(3) York 2003 52,583(2) 
Rappahannock 2004 51,497(5) York 2004 45,430(4) 
Rappahannock 2005 190(7) York 2005 40,258.48(7) 
Rappahannock 2006 64,112(2) York 2006 46,885(3) 
Rappahannock 2007 168(8)   York 2007 536(8) 
Rappahannock 2008 69,920(1)       York 2008 63,220(1) 
 

Figure 22 is a pie chart showing approximate total pounds of PBT released in both 

watersheds relative to Virginia for the year 2008. It appears that nearly 50% of the total 

292,102.21 pounds of PBT released on-site in Virginia (VA DEQ 2008 TRI Report) was 

released in the Rappahannock and York watersheds.  
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Figure 22: Approximate Total PBT Released in the Rappahannock and York 
Watersheds, data from VA-DEQ, 2011 
  

Human exposure to PBTs chemicals is mainly from the food web by ingestion. 

However, ingesting and/or inhaling dusts, fumes, gases and soil can also lead to human 

exposure to PBT chemicals as well (http://dnr.wi.gov/environmentprotect/pbt/index.htm, 

2011, January 14). There are 17 chemicals in the Dioxin-like category 

(www.epa.gov/tri/trichemicals, 2011, January 14). Dioxin-like compounds include PCBs 

and polybrominated biphenyls (PBBs). Sources of Dioxin and Dioxin-like compounds 

include incineration of waste such as municipal solid & medical wastes, forest fires, 

54%

46%

Total Pounds of PBT Released in Virginia, 2008

Total Pounds of PBT Released in York and Rappahannock Watersheds, 2008

http://dnr.wi.gov/environmentprotect/pbt/index.htm�
http://www.epa.gov/tri/trichemicals�
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chlorine bleaching of wood pulp and cement kiln operations (VA DEQ, 2003). A very 

interesting discovery from the 10-year review of the VA-DEQ TRI database is that as of 

2001 (p.19 of 2001 TRI Report), 1.24 lbs. of PCBs were release to the environment in 

Virginia; and, 294.70 lbs. of PCBs were reportedly “transferred off-site”. The term off-

site means outside of an industrial facility boundary or fence-line. In the same year 

(p.17), roughly 30 lbs. of PCBs were either managed on-site, released or transferred off-

site. Similarly and from 2003 to 2005, a minimum of 10 lbs. of PCBs/year were either 

managed on-site, transferred off-site or released in Virginia. For the periods 2003 and 

2004, 179 lbs. of PCBs and 222 lbs. of PCBs were reportedly “transferred off-sites” 

respectively. A question for future study follows. Since PCBs are rank #5 on the 2007 

Comprehensive Environment Response, Compensation and Liability Act (CERCLA) 

Priority List of hazardous Substances (http://www.atsdr.cdc.gov/cercla/07list.html, 2010, 

August 4), why is it that the reporting threshold for releasing PCBs to the environment is 

10 lbs.? 

Lake Anna Power Plant 
North Anna River watershed is a subwatershed of the York River basin. Upper 

North Anna River has two major tributaries: Pamunkey Creek and Contrary Creek. The 

Contrary Creek area of North Anna watershed was a gold mine (Goodwin Gold Mine) 

back in 1829 (www.dcr.virginia.gov/state_parks/lak.shtml, 2011, April 14). It was known 

as ‘Gold Hill”. Pyrite or iron sulfide deposits were mined for gold, copper, zinc and 

sulfuric acid production. Contrary Creek drainage area contained about five pyrite 

deposits (Anderson, 1994). Gold mining continued until the 1940s when the mines were 

http://www.atsdr.cdc.gov/cercla/07list.html�
http://www.dcr.virginia.gov/state_parks/lak.shtml�
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abandoned. In 1971, the United States Nuclear Regulatory Commission (NRC) granted 

permit for the construction of North Anna Nuclear Power Plant (see figure 23). In order 

to provide cooling water for the nuclear power plant, a dam was built on North Anna 

River. The dam was sited on North Anna River, just few miles downstream from the old 

gold mines. An artificial reservoir called Lake Anna was created. The lake is roughly 17 

miles long, and covers 13,000 acres. The lake is used for fishing, boating, and swimming.  

 

  

Figure 23: Aerial photograph showing Dominion Power Nuclear Reactors and 
cooling waters at Lake Anna. modified from Google Map, 2011. 
 

 Land uses surrounding the lake consist of forestry and agriculture. Acidic mine 

drainage from the old mines drains into Contrary Creek (Herlihy A. and Mills A., 1985), . 
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Due to oxidation of pyrite, iron-rich and yellowish-red precipitates, slime formed on 

streambed, on rocks and mixed with water in Contrary Creek. An average pH of 3.5 

(acidic) at some locations, and dissolved oxygen impairment have both been reported for 

Contrary Creek (www. DEQ.state.va.us/vanaturally/k12ed/factsheet.pdf, 12/1610 , 2010, 

November). The United States Army Corps of Engineers (COE) published pH data 

recorded by the USGS for the period 1989 to 1992 (Anderson, 1994). At the Route 522 

bridge over Contrary Creek, pH values for water in Contrary Creek ranged from 2.9 to 

4.8 (very acidic). Contrary Creek is known for the worse acidic mine drainage in all of 

Virginia. Sections of Contrary Creek and North Anna are reportedly unhealthy for 

benthic macroinvertebrates. Due to land clearing for agricultural, residential and 

commercial developments, huge amounts of sediments are washed into Lake Anna 

annually. 

Lake Anna is known for heavy metal (cadmium, lead, copper, zinc) and PCBs 

contamination. VA-DEQ and COE investigated and reported the occurrence of PCBs in 

fish, water and sediments in Lake Anna. For instance, in 2004 (Walter C., Perkins S., 

Clark R., and Tegerdine, G. 2005), the USGS and VA-DEQ used lipid-containing 

semipermeable membrane devices (SPMDs) to determine bioavailable level of PCBs in 

lake Anna. The study collected samples from 10 sites in Lake Anna. For the 2004 

SPMDs investigation of Lake Anna, concentrations of PCBs detected in water column 

ranged from less than method detection limit-MDL (17 nanogram or ng) to 1100 ng. The 

actual source or sources of PCBs in Lake Anna is undetermined.  Since Lake Anna was 

created to provide cooling water for the North Anna Nuclear Power Plant, it should be 
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noted that the occurrence of PCB-contaminated waste at nuclear power plant is well 

documented. For instance, mixed wastes containing paint scrapings and radioactive 

metals from a nuclear power plants reportedly contained high concentration of PCBs 

(Kubatova et al,2003). Similarly, the occurrences of PCB-contaminated sediments at 

nuclear power plants have been reported at the Yankee Nuclear Power Plant in Rowe, 

Massachusetts (EPA, 2006); and Hanford Superfund site (a former nuclear power plant 

operation) in Benton County, Washington. In 2009, the COE collected roughly 25 

sediment samples and tested same for PCBs congeners. Results from chemical analyses 

of sediments for the 2009 study are discussed under results and discussions. Figure 24 is 

a map showing summary of selected land uses in both the Rappahannock and York River 

watersheds. 
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Figure 24: Map showing land summaries in the York and Rappahannock 
watersheds, base map from USGS, 1973 
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WATER QUALITY 

The presence of PCB-contaminated sediments within a watershed is a part of 

water quality. Water quality standards are measured physical, chemical and biological 

characteristics of water used to determine the acceptability of water for a designated use 

(http://pubs.usgs.gov/fs/fs-027-01, 2010, September 29). The two categories of water 

quality standards are drinking water quality standards and surface water or ambient water 

quality standards. Both categories are regulated by federal government laws. The Safe 

Drinking Act (SDWA) of 1974 and subsequent amendments in 1986 and 1996 

(http://water.epa.gov/lawsregs/rulesregs/sdwa/index.cfm, 2010, August 28) regulates 

drinking water and sources of drinking water such as rivers, lakes, reservoirs, springs, 

and groundwater wells. The U S EPA used its authority under SDWA to set health-based 

standards for drinking water pollutants. It also set treatment standards (e.g. filtration, 

flocculation/sedimentation, disinfection.) for public water supply systems. One of such 

standard is called the maximum contaminant level (MCL) for pollutants in drinking 

water. For instance, the MCL for arsenic in drinking water is 10 microgram per liter 

(µg/l), and the MCL for PCBs in drinking water is .00064 µg/l. Additional discussions of 

drinking water and water quality can be found in Corbitt (1990); VA-DEQ (2010); Dauer, 

et al, (2005a&b). Please recall that the research statement has two parts: 1) determine if 

significant concentrations of PCB contaminants exist, and 2) if remediation is needed. 

http://pubs.usgs.gov/fs/fs-027-01�
http://water.epa.gov/lawsregs/rulesregs/sdwa/index.cfm�
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Aerobic and anaerobic bioremediation is an emerging method to cleanup PCB-

contaminated sediment (Vasilyeva and Strijakova, 2007; Bedard, Dort and Deweerd, 

1998)).  Biodegradation of PCBs in river sediment is accomplished either by 

mineralization or co-metabolic activities (Fish and Principe, 1994). Microbial 

mineralization of PCBs mixture is affected by pH (Pardue, Delaune and Patrick, 1988). 

Dissolved oxygen is a necessary factor in aerobic biodegradation of PCBs (BedardD., 

Wagneer R., Brennan M., Haberl M., and Brown J., 1987). Since the presence of PCB-

contaminated sediment in a river system is a part of water quality, it is the view of this 

dissertation that clear understanding of water quality and water quality parameters are 

necessary.  The following discussions will focus on selected parameters of ambient water 

quality standards. 

Clean Water Act  
The CWA of 1972 is a significant expansion, reorganization and strengthening of 

the Federal Water Pollution Control Act of 1948 (www.epa.gov/lawsregs/laws/cwa.html, 

2010, October 27). The CWA was intended to restore and maintain the physical, 

chemical and biological integrity of waters of the United States 

(http://cfpub.epa.gov/npdes/cwa.cfm?program_id=45, 2010, October 17). This includes 

surface waters such as rivers, lakes, estuaries, coastal waters and wetlands. In general, the 

CWA set wastewater effluent standards for industries, and outlawed the discharge of 

toxic pollutants into navigable waters. This law has five major titles. Title I deals with 

research, development and other programs; Title II provides grants for the construction of 

wastewater treatment plants, and standards and enforcement are under Title III. Title III 

http://www.epa.gov/lawsregs/laws/cwa.html�
http://cfpub.epa.gov/npdes/cwa.cfm?program_id=45�
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is subdivided into five 5 subsections: Section 301 deals with requirements for effluents 

standards, Section 302 deals with water quality-related effluents limitations, section 303 

deals with water quality standards and implementation plans, section 304 deals with 

public information and guidelines for states and the U.S. EPA, Section 305 deals with 

requirements to regularly perform water quality inventory, and Section 307 deals with 

toxic and pretreatment of effluents standards. Title IV deals with permits and licenses and 

the National Pollutant Discharge Elimination Systems (NPDES) permits program is 

under section 402 of Title IV. Requirements for disposal of sewage sludge from 

wastewater treatment plants are in section 405 of Title IV. General provisions such as 

State Authority and Authority of Indian Tribes are under Title V.  

Designated Uses or DU 
Under Title V of the CWA, the Commonwealth of Virginia is authorized to 

administer programs mandated under the CWA. VA-DEQ is the state lead agency that 

administers the CWA, and enforces the state environmental laws. In compliance with 

Sections 303 and 305 of the CWA (http://www.deq.virginia.gov/wqa/ir2010.html, 2011, 

November 25), the Commonwealth of Virginia sets water quality standards for uses of 

waters in Virginia. Virginia identified six designated uses for surface waters. A summary 

follows. 

 Aquatic life: conventional parameters (DEQ, 2010) such as dissolved 

oxygen or DO, pH, temperature are used as criteria. 

 Fish consumption use: fish consumption advisories from VA Health 

Department are common criteria.  

http://www.deq.virginia.gov/wqa/ir2010.html�
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 Shellfish consumption: e.g. monitored bacteria data for harvesting and 

marketing shellfish.  

 Swimming/recreation: E. Coli and other bacteria, beach closure and 

advisories.  

 public water supplies (where applicable): Drinking water standards under 

the SDWA. 

 wildlife: Toxics in water column is standard.  

Each of the above designated uses applies to selected sections of the York and 

Rappahannock watersheds. 

Water Quality Parameters 

 

pH  
Under the CWA, Virginia and other states are required to submit bi-annual reports 

on the health of all its waters. The Virginia DEQ regularly monitors and publishes 

biannual water quality reports. Parameters used to monitor ambient water quality include: 

pH, pathogens, toxic chemicals (e.g. mercury, Kepone, PCBs), dissolved oxygen-DO, 

sediments, nutrients, pesticides, etc.  

This dissertation selected four water quality parameters for study. The first water 

quality parameter is pH. By definition (Boyd, 2002), pH is the negative log of the 

hydrogen ion concentration: 
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pH = -log10 [H+] 

Equation 2 
The pH is a scaled-parameter (0-14) used to measure the acidity or caustic 

condition of a water body. Solutions with pH of less than 7 are considered acidic, and 

those with pH greater than 7 are considered basic. The neutral pH condition in water is at 

pH of 7. Hounslow (1995) identified three general sources of hydrogen ions in natural 

waters. These include the hydrolysis of water into H+ and OH-, dissociation of weak 

carbonic acid into H+ and HCO3-, and the oxidation of iron sulfide in the presence of 

water. Other sources of hydrogen ions are acid rains, and fulvic and humic acids from 

soil erosion. Sections of both the Rappahannock and York watersheds are listed by VA-

DEQ as pH impaired. A pH impairment means low or acidic pH values (e.g. 0 to about 6) 

were detected at river monitoring and sampling stations in sections of each river system. 

In general, aquatic organism survival is in the pH range of 4-10 (Manahan, 1994). 

Importantly, the toxicity of many compounds in water can be altered by changing the pH 

of the water (Novotny, 2003). The solubility of many metals is affected by pH; 

specifically, the solubility of metals in water increases with decreasing pH. Most metals 

commonly precipitate at pH in excess of 7.5. The effect of pH on aquatic biota was 

summarized by Novotny (2003). A pH of 6- 5.5 is associated with a decrease in species 

diversity, decrease in reproduction of lake trout and accumulation of green algae. An OH 

of 5-4.5 is associated with loss of most fish species.  

In preparation for the following study, This dissertation studied  the Water 

Quality Monitoring Database (http://www.deq.virginia.gov/wqa/ir2010.html; 4/28/11), in 

particular the common water quality parameters such as nutrients, biochemical oxygen 
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demand (BOD), dissolved oxygen, and pH. For comparison, one water quality 

monitoring station upstream and another downstream in each watershed were selected. 

For each monitoring station, water quality parameters were selected and tabulated.  

The upstream data are from a monitoring station on the Contrary Creek arm of 

Lake Anna at the Route 522 bridge (table 9). Contrary Creek is within the interior-most 

section of the York River watershed. This location is relatively narrower and shallower as 

compared to the tidal York River itself. The monitoring station is located in rural and 

generally forested area. For the time period (2000 to 2007) shown in Table 9, pH data 

recorded at this station was very low and acidic. The range of pH in table 8 is 6.09 to 2.9. 

The median is 4.1 and the mean is 4.16. The pH of concentrated sulfuric acid is about 3. 

The acidic pH at this location is most likely due to acidic mine drainage (AMD) from 

Contrary Creek.   

  

Table 9:  Summary of selected water quality parameters from an upstream station 
in the York River watershed 
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8- Contrary  
Creek arm  

of Lake  
Anna at Rt.  
522 Bridge 

2/22/2000 4.1 10.9 9.9 0.04 0.01 100 

“ 5/8/2000 3.7 7.6 29.9 0.04 0.01 100 
“ 12/12/2000 4.2 13.8 4.7 0.04 0.01 100 
“ 2/1/2001 4.1 8.1 2 0.04 0.01 100 
“ 6/27/2001 3.1 6.4 29 0.07 0.02 100 
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There was 
no data for 

2002 
2/24/2003 3.4 11.77 4.52 0.08 0.02 35 

“ 8/5/2003 4 8.12 22.8 0.44 0.02 50 
“ 2/18/2004 4 14.96 0.72 0.39 0.02 50 
“ 6/21/2004 6.1 8.32 18.1 0.39 0.02 50 
“ 12/29/2004 4.3 14.47 3.72 0.23 0.01 50 
“ 3/10/2005 4.1 12.42 7.58 0.25 0.01 50 

  11/9/2005 4.2 10.26 13.3 0.2 0.01 50 
  1/17/2006 5 10.84 8.73 0.17 0.01 50 
  5/4/2006 5.8 6.4 20.7 0.3 0.01 50 
  10/23/2006 3.7 n/n 10.6 0.15 0.01 50 
  3/12/2007 4 10.9 10.1 0.15 0.01 50 
  9/10/2007 2.9 6.7 30.9 0.05 0.05 60 
  

The oxidation of pyrite (FeS2) and other sulfide minerals in the presence of water 

and oxygen can release hydrogen ions and cause pH drop in the receiving water 

(Novotny, 2003). It has been shown that the oxidation of 1 mole of pyrite (FeS2) releases 

5 moles of hydrogen ions (H+). The additional increase in H+ can cause a drop in pH of 

the receiving waters. Contrary Creek sub watershed contains several abandoned gold and 

pyrite mines; and, collects and conveys runoffs from these abandoned mines to Lake 

Anna. Researchers from the University of Virginia (Herlihy and Mills, 1985) investigated 

AMD in Contrary Creek and Lake Anna. The objective was to examine sulfate reduction 

in Contrary Creek and Lake Anna sediments. Relatively higher concentrations of sulfate 

(SO4
2-), higher concentrations of metals and increased acidity are indicators of AMD. The 

researchers concluded that low pH of 2.5 to 3.5 in the bottom water near the confluence 

of Lake Anna and Contrary Creek reflected acidic inputs from Contrary Creek. Figure 25 

is a statistical summary of pH values for a water quality monitoring station at the Route 
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522 bridge on Contrary Creek (see Table 9). The graph of pH values for selected period 

is nearly normally distributed. The difference between the median and mean values for 

pH is about .06 pH unit.  
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Figure 25: Statistical summary of pH values for a water quality monitoring station 
on Contrary Creek arm of Lake Anna, 2/2000-9/2007 
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Table 10: Summary of Selected Water Quality Parameters from a downstream 
Station on the York River  
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York 
River at 
Buoy 44 

2/8/2000 7.8 13.8 3.09 n/n 0.006 0.006 1.8 

“ 8/8/2000 7.5 3.86 27 n/n 0.006 0.029 2 

“ 2/6/2001 7.8 11.4 4.56 “ 0.004 0.005 1.8 

“ 9/4/2001 7.5 4.45 26.9 “ 0.028 0.063 4.5 

“ 2/12/2002 7.4 10.9 7.3 “ 0.006 0.12 2 

“ 8/6/2002 7.6 4.76 29.6 “ 0.004 0.091 38 

“ 2/3/2003 7.4 12.57 1.53 “ 0.004 0.004 125 

“ 8/12/2003 7.1 3.97 27 “ 0.109 0.03 55 

“ 2/4/2004 7.2 12.26 1.97 “ 0.243 0.007 45 

“ 9/7/2004 7.1 1.93 26.6 “ 0.126 0.035 50 

“ 3/15/2005 7.7 11.87 6.79 “ 0.177 0.007 50 

  8/17/2005 7.4 4 29.7 “ 0.013 0.037 50 

  1/5/2006 7.8 10.56 6.42 “ 0.023 0.011 50 

  7/10/2006 7.3 0.3 25.9 “ 0.013 0.022 1100 

  2/12/2007 7.9 12.1 2.9 “ 0.004 0.004 50 

  7/9/2007 7.5 4.6 27.6 “ 0.04 0.022 50 

  1/29/2008 7.9 11.8 4.1 “ 0.004 0.006 50 

 

  

The downstream data are from a monitoring station within the York River 

watershed (see table 10). This station is near Buoy 44 located within the tidal York River. 

The pH recorded at this location for the same time period is nearly neutral. Perhaps due 
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to dilution and other factors, the acidic pH recorded further upstream in the watershed is 

not reflected downstream at this location. 

Dissolved Oxygen 
The earth’s atmosphere contains several gases such as nitrogen, oxygen, argon, 

carbon dioxide and other gases. The earth atmosphere exerts pressure (i.e. force per unit 

area) on the surfaces (i.e. land, rivers, oceans, tree leaves, etc.) of the earth. At a point on 

the earth surface, the total pressure exerted by the atmosphere is the sum of the partial 

pressures of gases in the atmosphere (Boyd, 2000). Oxygen and some of the gases 

mentioned above (e.g. hydrogen, carbon dioxide, and nitrogen) are slightly soluble in 

water (Henry and Heinke, 1996). The solubility of a gas in water is a function of 1) the 

temperature of the water, 2) partial pressure of the gas, 3) salinity of the water, and 4) 

solubility of the gas. At the air/water interfaces in each of the rivers in this study, oxygen 

will enter and be dissolved in the water column until the partial pressure of oxygen in the 

river is equal to the partial pressure of oxygen in the atmosphere directly above the water 

surface. When the partial pressure of oxygen in the water is the same as the partial 

pressure of oxygen in the air above the water surface, equilibrium exists and the water is 

saturated with oxygen. When each river is undersaturated with dissolved oxygen (DO) 

at/near ambient temperature, oxygen will diffuse from the atmosphere to be dissolved in 

river water, and when the water is supersaturated with oxygen, oxygen will diffuse from 

the water to the atmosphere (Boyd, 2000). The difference in oxygen tension is the 

impetus for oxygen transfer from the atmosphere to river water and vice versa. 
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Photosynthesis by submerged aquatic vegetation (SAV), and respiration of aquatic 

organisms are two other sources of dissolved oxygen in natural waters.  
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Figure 26: Linear regression of water Temperature as a predictor of dissolved 
oxygen concentrations for the York River at buoy #44, 2000-2008 
 

Dissolved oxygen concentrations and temperature data from Table 9 were used to 

perform linear regression analysis. Figure 26 shows results from linear regression of 

water temperature as predictor of dissolved oxygen concentrations at VA-DEQ water 

quality monitoring station located at buoy number 44. The negative sign in the regression 

equation indicates an inverse relationship between water temperature and DO 
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concentrations. The two clusters of points reflect summer and winter measurements. An 

inspection of DO concentrations and temperature data for the tidal Rappahannock station 

shown in table 11 suggests that a similar relationship most likely exists. A summary  of 

the relationship between DO, temperature and PCBs is at the end of this section.  

 

Table 11: Summary of Selected Water Quality Parameters from an upstream 
Station in the Rappahannock Watershed 
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Cat Point  
Creek at 

2/10/2000 5.6 13.03 14.7 0.28 0.03 100 

Route 637  
Bridge 

“ 9/12/2000 6.4 5.45 18.5 0.04 0.07 100 
“ 1/18/2001   11.12 2.21 0.44 0.02 100 
“ 12/13/2001 6 9.3 9.42 0.1 0.05 300 
“ 2/6/2002 6 13.85 1.42 0.32 0.02 100 
“ 7/8/2002 6.5 2.57 24.4 0.1 0.04 100 
“ 1/6/2003 5.3 12.33 2.83 0.19 0.02 100 
“ 7/1/2003 6.4 5.4 23.3 0.14 0.05 780 
“ 11/24/2003 5.9 8.85 12.7 n/n 0.08 75 
“ 1/22/2004 6.7 13.26 0.99 1.1 0.02 45 
“ 7/13/2004 6 6.14 24.8 0.78 0.06 125 
“ 6/1/2005 6.9 15.73 0.1 1.2 0.04 50 
“ 11/7/2005 6.1 8.46 13.3 0.5 0.04 125 
“ 1/30/2006 6.2 11.41 7.69 0.99 0.03 100 
“ 12/7/2006 5.8 11.3 7.5 0.97 0.04 26 
“ 1/17/2007 6.5 13.4 5.6 0.92 0.03 26 
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“ 11/14/2007 7 9.7 10.9 0.48 0.03 100 
“ 3/8/2008 6.4 11.7 5.3 0.05 0.62 100 

  

To prepare for this study, dissolved oxygen monitoring data were tabulated for 

selected locations in each of the two watersheds, and one DO monitoring station was 

selected from an interior tributary. The second DO monitoring point was selected at a 

point near its confluence with the main stem of the Chesapeake Bay. According to 

Hounslow (1995), DO concentrations in cold water can range from 8 to 10 mg/l 

depending on temperature; whereas warm water can have DO concentrations of 3 to 5 

mg/l. Bacterial oxidation of organic matter can lead to oxygen depletion in natural 

waters. Jonas (1977) documented the abundance of bacteria in waters of the Chesapeake 

Bay. Bacterial production and abundance peaked during summer between the months of 

May and June, decreased during July and peaked back up during August. The U.S. EPA 

Water Quality Criteria for DO in fresh water bodies is divided into two general groups: 

cold water; and, warm water (Novotny, 2003). DO criteria for cold water ranged from 9.5 

mg/l to 4 mg/l, and DO criteria for warm water ranged from 6 mg/l to 3 mg/l. Cold water 

fishes such as salmon and trout require relatively higher DO than warm water fishes, e.g. 

channel cat fish, and largemouth bass. Within few hours, fish kill can occur when fishes 

are exposed to DO concentrations below 3 mg/l. 

An upstream Rappahannock River monitoring station located on Cat Point Creek 

(a tributary) recorded low dissolved oxygen value of 2.57 mg/l (see Table 11). This low 

DO value was for the period between February 10, 2000 and March 8, 2008. Except for 
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June 1, most summer and fall months had moderately low to normal dissolved oxygen 

concentrations ranging from 5.4 mg/l to 6.14 mg/l. Dissolved oxygen measurements for 

winter months were normal and ranged from 11.12 mg/l for January 18, 2001 to 13.4 

mg/l for January 17, 2007. 

  

Table 12: Summary of Selected Water Quality Parameters from a downstream 
Station on the Rappahannock River 
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Rapp. River at 
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2/10/2000 7.5 13.13 1.82 n/n 2.74 0.003 2 

“ 10/12/2000 7.7 4.98 19 “ 0.01 0.004 2 

“ 1/18/2001 7.9 12.88 2.51 “ 0.006 0.002 7 

“ 9/6/2001 7.8 1.29 26.2 “ 0.007 0.003 n/n 

“ 1/16/2002 7.1 10.85 4.69 “ 0.007 0.006 5 

“ 7/11/2002 7.4 1.57 27.3 “ 0.004 0.016 38 

“ 2/6/2003 7.5 12.2 1.48 “ 0.127 0.04 48 

“ 10/9/2003 7.3 2.59 20.8 “ 0.021 0.004 35 

“ 1/8/2004 8 10.64 5.13 “ 0.11 0.003 50 

“ 6/3/2004 7.2 0.97 21.9 “ 0.068 0.003 50 

“ 1/12/2005 8.3 13.53 6.74 “ 0.086 0.006 50 

  10/4/2005 7.3 1.43 24.6 “ 0.022 0.008 50 

  1/4/2006 7.8 10.66 6 “ 0.004 0.004 50 

  7/12/2006 7.1 2.2 25.9 “ 0.004 0.007 50 

  1/18/2007 8.2 10.4 8.1 “ 0.009 n/n 50 

  6/6/2007 7.4 3.1 20.3 “ 0.004 0.003 50 

  1/22/2008 7.7 10.8 5.2 “ 0.004 0.005 n/n 
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A downstream Rappahannock River monitoring station is located at buoy #8 in 

the tidal portion of the Rappahannock River. This station is in deeper water. It is also 

influenced by tidal waves, higher salinity and is near the confluence of the Rappahannock 

River with the Chesapeake Bay. Dissolved oxygen (DO) measurements for the period 

between February 10, 2000 and January 22, 2008 were selected and reviewed. DO 

records at this location for (see Table 12) all winter months (i.e. January & February) 

were generally normal and ranged from 13.13 mg/l for February 10, 2000 to 10.8 mg/l for 

January 22, 2008. As shown in Table 12 above, concentrations of DO for the summer 

months were frequently very low. For instance, DO concentrations ranged from 1.57 mg/l 

for July 11, 2002 to 3.1 mg/l for June 6, 2008. The lowest DO value of .97 mg/l was 

recorded for June 3, 2004. Very low DO concentrations recorded are most likely due to 

warm water and evaporation of gases during the summer months. Corresponding water 

temperature for low DO values ranged from 27.33 oC to 21.87 oC (see table 11). Higher 

DO concentrations recorded during winter months are most likely due to the capacity of 

cold water to hold more dissolved oxygen gas. In Table 12, high concentrations of DO 

are associated with low water temperature. Similar and predictably cyclical pattern of DO 

concentrations and water temperature were also recorded for a station at buoy #44 on the 

tidal York River (see Table 10). A very low DO concentration of .3 mg/l was recorded on 

the tidal, deep water portion of the York River for July 10, 2006.  

A summary of the relationship between temperature, dissolved oxygen and PCBs 

follows. Temperatures of the Chesapeake Bay and its tributaries have direct control on 
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microbial processes such as respiration and productivity (Lomas M., Gilbert P., Shiah F., 

and Smith E., 2002). The presence of dissolved oxygen in the York River, Rappahannock 

River and  sediments affects microbial decomposition of PCBs (Hughes A., Vanbriesen J. 

and Small M, 2010).They reported that aerobic microbial transformation of PCBs affects 

less chlorinated PCBs by targeting the carbon rings and destroying the biphenyl ring, 

Such transformation occurs in the top  few centimeters below the water/sediment 

interface. Field and Sierra-Alvarez (2008) reported similar aerobic microbial degradation 

of less (1-4) chlorinated PCBs. For instance, aerobes such as Burkholderia cepacia can 

grow by using PCBs with 1 to 2 chlorines as carbon/energy source. These aerobes can 

transform 4-chlorobbiphenyls to chlorobenzoates which is susceptible to aerobic 

minerlization. 

Biochemical Oxygen Demand (BOD) 
The removal of DO from fresh water is directly related to a water quality 

parameter commonly called biochemical oxygen demand (BOD). When biodegradable 

materials (organic and inorganic) are added to a river or natural water, bacteria such as 

pseudomonas, flavobacterium feed on the biodegradable materials (Davis and Cornwell, 

1991). In natural waters such as the Rappahannock and York Rivers, bacteria use oxygen 

to degrade or oxidize organic matter to carbon dioxide and water. Aerobic biodegradation 

of proteinaceous organic matter in water can release nitrogen and phosphorus (commonly 

called nutrients) to natural waters (Novotny, 2003). The amount of oxygen used by 

microorganisms (bacteria) to oxidize organic matter is called BOD, and is measured in 

milligram per liter (mg/l). Detailed discussions of BOD and its measurement can be 
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found in Masters (1991). The amount of oxygen used by microorganisms is directly 

proportional to the amount of organic matter present in natural waters. The depletion of 

DO in natural waters is directly related to bacterial oxidation of organic matter. Sewage 

treatment plants and runoff from agricultural lots are sources of organic matters to natural 

waters. For the period under review, the database had partial measurements of BOD. In 

each table, n/n means no number.  
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Figure 27: Aerial photograph of North Anna tributary to Lake Anna showing 
turbid runoff, modified from Google Map, 12/2011. 
 

Nutrients  
According to the Virginia Department of Health 

(www.vdh.state.va.us/epiddemiology, 2010, March 3) , all natural waters such as the 

Rappahannock and York rivers contain bacteria, algae and phytoplankton, which need 

and use nutrients to grow, reproduce, and survive. Naturally occurring chemicals such as 

nitrogen and phosphorus that are needed by plants and animals for metabolic activities 

and survival are called nutrients (http://chesapeake.usgs.gov/nutrients5850.pdf, 2010, 

September 29). Some nutrients such as phosphorus and nitrogen occur naturally in rocks, 

http://www.vdh.state.va.us/epiddemiology�
http://chesapeake.usgs.gov/nutrients5850.pdf�
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minerals, soil, vegetation and organic debris. Nitrogen and phosphorus are also in 

fertilizers used on farm lands (see figure 27) and cleaning solutions. As shown in figure 

27, North Anna River is transporting highly turbid runoff (from upper left to right in in 

figure 27) containing sediments and most likely nutrients into Lake Anna. Figure 27 also 

shows wooded lots, farm lands with very little to no vegetative buffer. The 2009 USACE 

and VA-DEQ Lake Anna PCB study detected the highest concentration of total PCBs in 

sediment sample from this location. Route 522 Bridge is to the right and Lake Anna is 

located to the right of the bridge in figure 27.  The sources and effects of nutrients on 

waters of the Chesapeake Bay have been extensively documented (Fisher T., Peele E., 

Ammerman J., and Harding L., 1992). The accumulation of decomposable organic matter 

and nutrients in waters of the Bay is directly related to high phytoplankton biomass 

accumulation, and oxygen depletion in the Bay is due to the decomposition of organic 

wastes. Another important effect of N, P and sediment loading is that submerged aquatic 

vegetation (SAV) are shaded by growth of plankton, sediments and algae (see figure 28). 

Light penetration with increasing depth below the water surfaces is substantially reduced, 

and the contribution of dissolved oxygen from SAV is reduced. As shown in figure 28, 

reddish-brown color of water can be due to chemical weathering of iron-rich minerals 

(Anderson, 1994), and red algae growth (Tyler and Seliger, 1978). The gray-colored 

leaves above the pipe are most likely due to mud deposition from previous flood event. 

Sediment sample #YK-12 was collected from about half a mile downstream (to the right) 

of the photograph in figure 28. 
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Figure 28: Field photograph showing reddish and turbid water and a discharge pipe 
in a section of the Mattaponi River, York River watershed near Aylett, VA 
  

 

Table 13: Total Nutrients Delivered to both Watersheds from Wastewater 
Treatment Plants 

  Total Nitrogen-N, lbs./yr. Total Phosphorus-P, lbs./yr. 

 Year ‘02 ‘04 ‘07 ‘08 ‘09 ‘02 ‘04 ‘07 ‘08 ‘09 

Rapp 7,900,000 7,451,871 610,552 550,212 477,791 954,358 904,215 55,465 44,410 42,546 

York 7,680,000 7,580,943 1,462,023 1,175,208 1,232,501 749,445 747,259 148,420 122,783 197,280 

           

Note: Rapp stands for Rappahannock River and York is for York River.  
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In preparation for the following study, a review was made of the Rappahannock 

and York River watersheds in 2007 to 2009, in particular the annual total nitrogen and 

annual total phosphorus data (see Table 14 above) from sources (http://www.cbf.org, 

2010, June 7) such as the Chesapeake Bay Foundation (CBF), VA-DEQ, and the U S 

EPA Chesapeake Bay Program (personal com. from Ning Zhou of the U S EPA 

Chesapeake Bay Program, 11/15/10). For 2002 and according to the CBF, a total of about 

7.7 million pounds (lbs.) of nitrogen and about 750,000 lbs. of phosphorus were delivered 

to the York River watershed. Similarly and for the same period, 7.9 million lbs. of 

nitrogen, and 950,000 lbs. of phosphorus were delivered to the Rappahannock River 

watershed. Table 13 shows total phosphorus and total nitrogen in each watershed as 

reported from wastewater treatment plants. From 2007 to 2009, total nitrogen and total 

phosphorus reported from point sources such as paper mills, refineries, and WWTPs were 

generally decreasing. Equipment upgrades, revised best management practices (BMP) 

and regulatory compliance are likely factors that influence nutrients reduction to surface 

waters. Any limiting amount of phosphorus or nitrogen can enhance algal growth in 

rivers and lakes. Fitzgerald & Steuer (2006) studied PCBs and algal cells in two 

Wisconsin rivers and found positive relations between particle-associated PCBs, and both 

chlorophyll-a and algal carbon concentrations. They reported that PCBs were enriched in 

algal cells during bloom season (spring).Mahanty and Greesshoff (1978) reported results 

from a study of two strains of related freshwater algae (Chlorella). One strain of 

http://www.cbf.org/�
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freshwater algae was susceptible to toxic effects of PCBs and another developed 

resistance to PCB toxicity. 
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RISK ASSESSMENT FOR PCB AT LAKE ANNA 

In 1972, Dominion Power Company of Virginia completed construction of Lake 

Anna (http://www.dgif.virginia.gov, May 3, 2011). The 9,600 acres impoundment is 

located within the borders of Louisa, Orange and Spotsylvania Counties, Virginia. The 

lake is roughly 25 miles southwest of the City of Fredericksburg, and 53 miles northwest 

of the City of Richmond, Virginia. The lake is about 17 miles long and has a total 

coastline of roughly 200 miles. The deepest portion of Lake Anna is about 80 feet. Lake 

Anna is also a sub-watershed within the York River drainage basin. Major tributaries of 

Lake Anna include Contrary Creek, Pamunkey Creek, Terry’s Run, and Goldmine Creek. 

The lake was intended to provide cooling water for the operation and maintenance of two 

nuclear reactors at Lake Anna. Waste heat from the nuclear reactors is used to divide the 

lake into two general sections: a “hot side” which is private, and a “cold side” which is 

largely public. Largemouth bass, striped bass, channel catfish, and other types of fish 

were added to the public side of Lake Anna in 1972 and in subsequent years. The lake is 

a vacation designation and attracts boaters, anglers, and regular other visitors. Land use in 

the general vicinity of Lake Anna is agricultural and forestry. Designated use of Lake 

Anna is fish consumption, as well as industrial and recreational. The approximate 2010 

population of the three counties bordering Lake Anna is 189,031 

(http://quickfacts.census.gov/qfd/states/51000.html, April 4//2011). 

http://www.dgif.virginia.gov/�
http://quickfacts.census.gov/qfd/states/51000.html�
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 Sources of Data 
As of 2010, according to the VDH, Lake Anna is included in a fish consumption 

advisory for the entire York River watershed. The United States Army Corps of Engineer 

(USACE) Norfolk District is conducting an ecosystem restoration of Lake Anna. The 

study was authorized under Section 206 of the Water Resources Development Act of 

1996. USACE observed that high levels of PCBs, mercury and metals such as arsenic, 

lead, cadmium contributed to unacceptable water quality in Lake Anna 

(http://www.nao.usace.army.mil/projects/civil%20works%20projects/lake%20anna/home

page.asp, 11/23/10). The presence of these contaminants caused degradation of fish and 

wildlife habitats. In order to quantify and assess the extent of these contaminants, several 

studies were conducted by agencies. For instance in 2005, the USGS and VA-DEQ 

conducted a study of the bioavailability levels of PCBs in the waters of Lake Anna 

(Cranor W., Perkins S., Clark R., and Tegerdine G, 2005). The study was a part of the 

Lake Anna Section 206 Aquatic Ecosystem Restoration Project. USGS scientists 

fabricated and deployed lipid-containing (SPMDs) in the water of Lake Anna at ten 

locations. Each SPMD was deployed at selected locations in the water of Lake Anna for 

35 days. The membranes of SPMDs are designed to extract and accumulate dissolved 

organic contaminants (e.g. PCBs) from the water column. Each SPMD was retrieved and 

its contents processed in a laboratory setting. The samples were chemically analyzed 

using gas chromatography for PCB congeners. Table 14 is a summary of data from the 

USGS study for PCBs concentrations in water at Lake Anna. 

http://www.nao.usace.army.mil/projects/civil works projects/lake anna/homepage.asp�
http://www.nao.usace.army.mil/projects/civil works projects/lake anna/homepage.asp�
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Table 14: Summary of Results from the 2004 USGS SPMD Study of Lake Anna 
Site # Site Description Latitude Longitude Total PCBs (pg/l) 
1 Lower North Anna 380  00’ 48.2” 0770  42” 54.5 ND 
2 Contrary Creek 380  03’ 50.6” 0770  51’ 18.0” 1200 
3 Pamunkey Creek 380  07’ 37.3” 0770  51’ 03.0” 3400 
4 Terry’s Run 380  08’ 23.3” 0770  53’ 06.4” 180 
5 Upper North Anna 380  06’ 17.5” 0770 51’ 48.1” 270 
6 Upper N. Anna  

near Gold Mine  
Creek 

380  06’ 50.0” 0770 55’ 50.8” SPMDs Lost on 
deployment 

7 Middle North Anna 380  05’ 27.4” 0770 48’ 51.4” ND 
8 Rock Creek 370 59’ 44.1” 0770 44’ 57.9” 570 
9 North Anna River 

below dam 
380 00’ 46.0” 0770 42’ 35.8” 120 

10 Terry’s Run at Rt. 
651 

380 10’ 08.1” 0770 54’ 57.0” ND 

Average total PCBs in water at Lake Anna  
for this study during that time (ND = 0)  

637.78 

 

Average concentrations of total PCBs in Lake Anna from the 2004 USGS study is 

used in the discussion of risk assessment. It should be noted that the U.S. EPA maximum 

contaminant level for PCBs in drinking water is 500 pg/l (ATSDR, 2007). 

A second source of total PCBs data for the risk assessment discussion is from the 

VA-DEQ database. In 2008, the VA-DEQ performed fish tissues sampling and chemical 

analyses for total PCBs. Samples of selected fish species in Lake Anna were collected 

and chemically analyzed (wet weight) for total PCBs. The presence of PCBs in fish 

tissues is an indication of bioconcentration, and most likely biomagnifications. Table 15 

is a summary of selected fish species and total PCB concentrations from the 2008 VA-

DEQ fish tissues sampling at Lake Anna. 
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Table 15: Excerpts from 2008 Virginia DEQ Fish Tissue Sampling at Lake Anna 
Site # Site Description Fish Species Total  

Number 
 of Fish 

Total  
Weight, gram 

Total PCBs, 
 ppb 

62 Terry’s Run arm of  
Lake Anna 

Bluegill Sunfish 15 48-100 91.97 

  Carp rep. 1 1 3362 778.03 
  Gizzard Shad-2 5 184-246 387.31 
  Largemouth Bass  1 1020 0 
  Channel Catfish 3 240-492 88.71 
  Brown Bullhead 

catfish 
3 236-240 404.81 

      
40 Gold Mine Creek  

arm of Lake Anna 
Carp rep. 1 1 3158 30.17 

  Gizzard Shad 10 136-256 12.18 
  Largemouth Bass 3 470-660 20.12 
  Channel Catfish 4 336-656 53.76 
  Carp rep. 3 1 2828 258.72 
      
38 Contrary Creek arm  

of Lake Anna 
Carp rep. 3 1 2576 1380.60 

  Largemouth Bass 2 76 0 
  Gizzard Shad 5 104-158 14.93 
  White Catfish 2 100-108 27.83 
      
48 Lake Anna near Dam Largemouth Bass 3 114 0 
  Carp rep 1 1 6250 24.77 
  Gizzard Shad 5 144-330 16.52 
  Channel Catfish 6 192-338 15.97 
 

Considering Table 15 above, it should be mentioned that the United States Food 

and Drug Administration’s (FDA) tolerance for PCBs in all foods is from .2 ppm to 3 

ppm (ATSDR, 2000); and specifically for fish consumption, the FDA limit for PCBs in 

edible fish is 2 ppm. 
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 A third and final source of data is from sediment sampling. In 2009, USACE 

conducted sediment sampling in Lake Anna. USACE used a Petit Ponar grab sampler to 

collect sediment samples from predetermined locations in Lake Anna. The locations of 

the sediment samples are similar to the deployment sites of the SPMDs samplers 

discussed above. The sediment samples were preserved on ice and taken to a laboratory 

for chemical analyses. Gas chromatography (U.S. EPA method 1668A) was used to 

chemically analyze the sediment samples for 209 PCB congeners. Table 16 is a summary 

of total PCBs and total organic carbon in sediment samples from the 2009 Lake Anna 

PCBs study (personal communication with Mr. Gregory Steel, USACE, 2010).  

 

Table 16: Summary of the 2009 Lake Anna Sediment Sampling for PCBs 
Site ID Stream Name Total  

PCBs  
(pg/g) 

TOC in  
Sediment  
(gm/kg) 

% Sand in  
Sediment 

Sediment  
(.0039- 
.00625),% 

Sediment  
<.0039% 

LA09PLT Plentiful  
Creek 

2279.6 7.73 77.5 20.3% 2.2% 

LA09FMT Foremost  
Creek 

244.4 3.96 76.9 20% 3.1% 

LA09BEV Beverly  
Creek 

284.4 11 68.8 28.2% 3% 

LA09PLS Pleasant  
Creek 

134.4 8.59 52.4 44.3% 3.3% 

LA09TRY Terry Run 271 4.07 51.5 45.5% 3% 
LA09UTHK UT  

Tomahawk  
Creek 

14466.6 29.6 30 66.8% 3.2% 

LA09THK Tomahawk  
Creek 

1064 30.2 18.6 40.9% 40.5% 

LA09NAR North Anna  
River 

264.9 6.98 45.2 34.5% 20.3% 

LA09PMC Pamunkey  
Creek 

311.4 5.59 55.9 26.9% 17.1% 
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All samples in Table 16 were collected on 3/24/09. The laboratory considered that 

the total PCBs value of 14466.6 pg/g was too high to be valid.  

In summary, risk assessment of PCBs at Lake Anna can be discussed with respect 

to three major environmental media: water, sediments and fish tissues. The following 

discussion concentrates on risk assessment using the scenario of ingesting PCB-

contaminated fish from Lake Anna. The risk due to dermal absorption of PCB-

contaminated water in Lake Anna, and the risk due to inhalation of due to volatization of 

PCBs from sediments and water at Lake Anna are recommended for future studies.  

Components of Risk Assessment 
The probability of the occurrence of a harmful event is called risk (Watts, 1997). 

Examples of harmful events include: tsunamis, solar flares, earthquakes, earthbound 

meteorites, auto accidents, exposure to toxic contaminants, landslides, bridge collapse, 

etc. These disasters present risk to humans, plants and animals in general; and 

specifically, endangered species. Risk can be quantified by multiplying the probability of 

occurrence of a harmful event and the severity of the consequences, given that a harmful 

event occurs. With respect to a hazardous substance such as PCBs, three types of risks 

are distinguished: background risk, incremental risk, and total risk. Background risk is 

the risk for the U.S. population being exposed to PCBs anywhere in the United States. 

Incremental risk is the risk of being exposure to PCBs in Lake Anna due to the presence 

of Lake Anna. Total risk is the sum of background risk plus incremental risk. Incremental 

risk is the focus of this section. The intrinsic capability of a hazardous substance such as 
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PCBs to cause harm is called hazard. In other words, a hazard can be viewed as the 

source of risk. Biodegradation, toxicity, mobility, and persistence are factors which 

influence risk of PCBs exposure. Human health risk assessment is distinguished from 

ecological risk assessment. Human health risk assessment is the main focus of the 

following section. 

Hazard Identification 
Following recommendations from the NRC (NRC, 1983), the process of risk 

assessment is divided into four main activities (Masters, 1991): hazard identification; 

exposure assessment; toxicity assessment; and risk characterization. Hazard identification 

is intended to determine whether exposure to an agent (PCBs in this case) can cause an 

increase in the incidence of abnormal health conditions such as cancer, birth defect, etc. 

The emphasis of this phase of the investigation or risk assessment is on characterization 

of the strength of the evidence of causation. In other words, does exposure to PCBs 

induce cancer or harmful health effects in test animals or an exposed human population? 

One major application of risk assessment is in the determination of site cleanup standards 

(LaGrega et al, 1994). Risk assessment can be used to answer a question such as “how 

clean is clean”. For instance, the concentration of total PCBs in the waters and sediments 

at Lake Anna may be interpreted as acceptable or unacceptable risk with respect to 

regulatory limits for PCBs-contaminated materials (i.e. 50 mg/kg). A summary of 

existing research about the hazards of PCB exposure follows.  

According to ATSDR (2000), healthy animals which eat food containing large 

amounts of PCBs in a short time develop liver cancer and subsequently die. For example, 
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rats that ate food containing high levels of PCBs for two years developed liver cancer. 

Animals that eat food containing smaller amount of PCBs in food over several months 

develop anemia, acne-like skin-conditions; and, stomach, liver and thyroid gland injuries.  

The U S EPA and the International Agency for Research on Cancer (IARC) have 

determined that PCBs are probable carcinogen to humans. Loomis D., Browning S., 

Schenck A., Gregory E., and Savitz D., (1997) performed an epidemiological study of 

138, 905 men. Between 1950 and 1986, these men were employed for at least six months 

at five electric power companies in the United States. These men were exposed to PCBs 

insulating fluids weekly. Poisson regression was used to evaluate mortality in relation to 

electrical insulation fluids containing PCBs. The study found mortality from malignant 

melanoma increased with exposure. Mortality from brain cancer modestly increased as 

well. In concluding, the study suggested that PCBs caused cancer. ATSDR (2000) also 

reported that cancer of the liver and biliary tracts in humans are associated with PCBs. 

Behavioral alterations, impaired reproduction and changes in immune system were 

reported in animal studies. 

Toxicity Assessment (Dose Response) 
Toxicity assessment is intended to characterize the relationship between the dose 

(amount) of a toxin administered/received and the incidence of adverse health effects in 

exposed population. Since PCBs is currently classified as a non-carcinogen, the 

Referenced Dose (RfD) is used to quantify non-carcinogenic toxicity. Similarly, slope 

factors (SFs) are used for carcinogen (Watts, 1998). Selected summaries of dose-response 

studies compiled by the U.S. EPA (1996) are shown as Table 17.  
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Table 17: Summaries of Cancer Dose-response Studies for PCB Mixtures 
Author/study Source Animal Dose Duration Health Effects 
National Cancer 
 Institute, 1978 

U.S. EPA,  
1996 

344 rats 0, 25, 50 or 
 100 ppm 

24 months Leukemia and 
 lymphoma in males 
 rats significantly 
 increased 

Schaeffer, E., 
 Greim H., and 
 Goessner, W. 1984 

         “ 3 groups 
 of rats 

100 ppm 26 to 28  
months 

Carcinogenic 
 effects on rat  liver 

Norback and 
Weltman, 1985 

         “ Groups of  
male rats 

0, 50, and 100 ppm 29 months 95% of rats had  
liver carcinomas. 

Brunner et al, 1996           “ Groups of  
 50 rats 

25, 50, 100 ppm 26 months Statistically  
significant increase  
of liver tumors 

Kimbrough et al, 
1975 

          “ Groups of 
 200 rats 

0 and 100 ppm 21 months Carcinomas nodules  
Significantly 
 increased 

 

According to the U.S. EPA (1999), the oral RfD for PCBs is 2 X 10-5 mg/kg-day 

for Aroclor 1254. RfD is based on the assumption that a threshold exists for certain toxic 

effects. This is an estimate of the daily exposure to the human population that is likely to 

be without an appreciable risk of deleterious effects during a human life time. The RfD is 

used to calculate hazard index (HI) for PCBs when considered as non-carcinogen. 

However, since PCBs are a probable carcinogen, the cancer slope factor of 2 (EPA, 1999) 

can also be used to calculate incremental cancer risk. 

 Exposure Assessment 
Physical contact between humans with a potential contaminant such as PCBs is 

called exposure (Kolluru, 1996). Kolluru (1996) asserted that this exposure bridges 

(eliminates) the gap between the risk and the hazard. That is a, hazard can be viewed as 

the source of risk (Watts, 1998). During exposure assessment, it is a common practice to 

determine the magnitude or concentrations of PCBs, the frequency, the duration and 
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exposure pathway or route of exposure. The main objective of exposure assessment is to 

estimate contaminant concentrations and dosage to the population at risk. The process 

can be separated into activities such as: 1) potentially exposure population identification; 

2) exposure pathway identification; 3) estimating exposure concentrations; and 4) 

estimating chemical intake. In practice, exposure assessment is modified to fit specific 

situation.  

Mechanisms for the releases of PCBs at Lake Anna are directly related to land 

uses at and around Lake Anna. First and foremost is the construction and maintenance of 

the Nuclear Power Plants at Lake Anna. Construction and maintenance of nuclear power 

plants are usually associated with PCB contamination. Concrete and steel structures of 

nuclear power plants are coated with PCB-containing paints. The occurrence of PCB 

contamination at nuclear power plant is well documented. For instance and at the Yankee 

Nuclear Power Plant in Rowe, Massachusetts (EPA, 2006), PCB-contaminated soil and 

groundwater were reported. Similarly, PCB-contamination exists at nuclear power plants 

such as Rocky Flat power plant near Denver Colorado 

(http://www.epa.gov/superfund/sites/fiveyear/f2007080001841.pdf,  2010, August 27), 

Hansford Nuclear Power Plant in the state of Washington ( EPA,  2010,); Los Alamos 

National Laboratory in New MexicoError! Hyperlink reference not valid., (DOE,  

2010, Savannah River Site in Akins, South Carolina, Lawrence Livermore National 

Laboratory in California, and Oak Ridge Reservation in Tennessee. Finally, 

impoundment ponds at the Mirant Kendall power station in Cambridge, Massachusetts 

reported PCB contamination. Other mechanisms for the release of PCBs at Lake Anna 

http://www.epa.gov/superfund/sites/fiveyear/f2007080001841.pdf�
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include runoff from agricultural lots within Lake Anna sub-watershed. Municipal sludge 

application to agricultural fields is a potential source of PCBs. In addition to sludge 

application, PCBs are used as pesticide extender. Since PCBs are used as paint additive, 

bridge maintenance is also a potential source of PCBs. Recent sediment sampling by the 

U.S. Army Corps of Engineer found relatively high concentrations of PCBs at bridges 

within the Lake Anna subwatershed. 

For risk assessment purposes, it is very important to understand and identify the 

release mechanisms and routes of PCBs migration into the environment. Activities which 

release PCBs into the environment include removal and application of paints to structures 

such as bridges, power plants, buildings etc.; manufacturing of electrical transformers and 

capacitors; land application of pesticides and sludge from wastewater treatment plants, 

pulp and paper plant operations, formulation of PCBs at the Monsanto and other plants, 

and building construction/renovation just to name few (NRC. 2001). Migration routes of 

PCBs into the environment (Nisbet & Sarofim, 1972) include: 1) leaks from equipment 

such as transformers, hydraulic systems, capacitors and heat exchangers; 2) spills and 

loses in manufacturing processes of PCBs and PCB-containing fluids (e.g. oils used in 

microscopy); 3) vaporization and leaching from PCB-containing formulations; disposal 

of PCBs and PCB-wastes. Additional migration routes applicable to Lake Anna are 

discharge of PCB-containing materials (e.g. paint chips/dusts), runoff from agricultural 

fields, atmospheric deposition and illegal dumpings. 

Transport and deposition of PCBs in the environment have already been 

discussed. PCBs adhere to and are deposited with organic rich fine-grained sediments in 
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low energy aquatic environment. Bottom dwellers feeding on sediments and smaller 

fishes feeding on bottom dwellers transfer PCBs from sediments to the food chain. 

Dissolved PCBs also exists within the water column at Lake Anna. Bioconcentration and 

bioaccumulation of PCBs occurred within the food chain. Due to high octanol/water 

partitioning coefficient, certain PCBs tend to accumulate in fatty tissues and 

bioaccumulate in the food chain. PCBs in Lake Anna are also subject to biodegradation 

and transformation. For instance, Usarat et al (2003) reported dechlorination of PCBs in 

sediments at Lake Hartwell (near the Georgia and South Carolina border). Anaerobic 

bacteria can attack highly chlorinated PCB congeners through reductive dechlorination 

and reduce highly chlorinated PCBs with increase in less chlorinated PCBs. Similarly, 

Brown et al (1987) reported dechlorination of PCBs in sediments at Silver Lake 

(Pittsfield, Massachusetts). Aerobic bacteria can also biodegrade PCBs to carbon dioxide, 

water, chlorine and biomass (Abrampwicz, 1995). Benefits of biodegradation of PCBs 

are reduced potential risk from and exposure to PCBs. Biodegradation also reduces the 

carcinogenicity and dioxin-like toxicity. Fish consumers, swimmers boaters, anglers, 

trespassers and maintenance workers are potential receptors. Physical interaction with 

Lake Anna and ingestion of PCB-contaminated fishes and water in Lake Anna constitutes 

points of exposure. 

The concentrations of PCBs in waters, fishes and sediments at Lake Anna are 

shown in tables 14, 15 and 16 above. Approximate exposure concentrations for each 

media are listed in the aforementioned tables. Human population interacting with the 

aforementioned media at Lake Anna is at risk of exposure to PCBs. It follows that 
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humans and endangered species are the most likely receptors. Human population with the 

highest potential for exposure at Lake Anna includes swimmers, boaters and other 

recreational users, anglers, construction and maintenance workers, researchers, 

consumers of fish, and trespassers. Sensitive subgroups of human populations are 

children, elderly folks, pregnant women, and certain sick people. Since PCBs at Lake 

Anna are in fish tissues, water column and sediments, there are two major routes of 

human exposure to PCBs at Lake Anna: ingestion and dermal. Ingestion of PCB-

contaminated water and fishes from Lake Anna are examples of ingestion exposure. 

Dermal adsorption occurs by diffusion through openings in human skins.  

Exposure Intake Calculations 
Certain basic assumptions are necessary in order to approximate contaminant 

intake at the point of exposure. Table 18 shows a summary of default parameters for 

PCBs and fish from literature search (EPA, 1999;  Barron M., Yurk J., and Crothers D., 

1994; Master, 1991; LaGrega M., Buckingham P., and Evans J., 1994). The main goal of 

this section is to address the question: What is the risk pose by eating PCB-contaminated 

fish from Lake Anna? The first step in answering this question is to divide human 

population into three main groups: children ages 1-6 years; adolescent ages 7-16 years; 

and adults ages 17 and above. The second step is to determine chronic fish intake from 

Lake Anna by each of the aforementioned groups. A generic equation (EPA, 1989) for 

calculating food ingestion during risk assessment is: 
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Intake = [C x CR x EF x ED]/(BW) x 1/AT  

Equation 3 
Intake is the amount of chemical at the exchange boundary (mg/kg body weight). 

For non-carcinogen, the intake is also known as average daily dose (ADD), and for a 

carcinogen I is called lifetime average daily dose (LADD); C = average concentration 

(mg/kg) of chemical in the medium (i.e. fish tissues in this case) over the exposure 

period; CR = contact rate or the amount of PCB-contaminated fish consume; e.g. 

size/gram of fish meal per person/day; EF is exposure frequency or number of fish 

  

Table 18: summary of default values used in risk assessment for this study 
Parameter Meaning Value and sources 
BW human body weight 70 kilogram-kg for adult,  

45 kg for ages 7-16; 
15 kg for kids 1-6 yrs., Kolluru, 1996 

RfD Oral referenced dose for   
PCB as non-carcinogen 

2 X 10-5 mg/kg-day for Aroclor 1254;  
EPA 1999 

CSF Cancer Slope factor for  
PCB as probable  
carcinogen 

2  [mg/kg-day]-1; EPA 1999 

ED exposure duration 30 years for non-carcinogen; or 70  
years (life time for carcinogen) 

CR Contact rate 6.3 gram fish meal per person/day for  
adults ages 17 and over,  
2.11 grams for kids ages 1-6 years;  
3.01 grams for adolescent ages 7-16  
years; EPA, 2002 

EF Exposure frequency Average fish consumption per year: 73  
fish meals/year for Chesapeake Bay  
from Harris S., Urton A., Turf, E., and  
Monti, M., 2009; 55 fish meals/year for 
James River Basin from Harris and  
Jones, 2008; 40 fish meals/years from  
VCU, 2008. Average of  56 fish  
meals/year for Lake Anna 

AT averaging time 25,550 days or 70 X 365; 
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Parameter Meaning Value and sources 
EF Exposure frequency 365 days 
I Intake To be calculated 
C Exposure concentration,  or 

concentrations of total  
PCBs in fish, water or  
sediment 

From chemical analyses  in tables 16  
and 15 above 

 

meal per year (days/year); ED is exposure duration (year); BW is body weight 

(kg), and AT is averaging time or period over which exposure is averaged (days). The 

third step is to select three species of fish as shown in Table 15. The selection is based on 

simple grouping of fish species used by researchers from the Virginia Institute of Marine 

Science (Hewitt A., Ellis J., and Fabrizio M., 2009). The VIMS study grouped fisheries 

of the York River system based on similar characteristics. For instance, all types of 

catfish (see figure 29) were grouped as catfishes (Ictaluridae); all types of bass (e.g. 

striped bass, largemouth bass etc.) were grouped as bass family (Moronidae), and gizzard 

shad, hickory shad and herring are classified one family (Clupeidae). The selected fishes 

are: Carp, catfish and Gizzard Shad. From this simple groupings and considering Table 

15, it follows that average concentration of PCBs for each group of fish is: Gizzard 

Shad= 17.24 parts per billion or ppb; Carp = 494.46 ppb; Catfish = 32.84 ppb; and Bass 

is 0.  
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Figure 29: Blue catfish (top), channel catfish (middle) and white catfish of the York 
River watershed, modified from Hewitt et al, 2009 
 

It is possible to use the above formula to determine potential PCB intake (I) due 

to ingestion of PCB-contaminated fish from each fish group. First, since the reference 
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doses are in mg/kg-day, the average concentration of PCBs in water (see Table 14) and 

average concentration of PCBs in the fish species should first be converted from ppb to 

ppm or mg/kg. The relationship between ppm and ppb is 1 ppm is 1000 ppb. For instance 

and for carp, 494.46 ppb is .495 ppm or mg/kg.  

The estimated Per Capita Fish Consumption in the United States (EPA, 2002) is a 

document that provides approximate size of fish meal for selected groups of population in 

the United States. Average freshwater and estuarine fish consumption for adult ages 17 

and above is 6.03 grams per person per day; for children ages 1-6 is 2.11 grams and for 

adolescent ages 7-16 is 3.01 grams. Harris et al (2009) conducted a study of fish 

consumption habits of 99 people who fish from the Chesapeake Bay of Virginia. The 

Harris study reported an average of 73 fish meals per person per year. Similarly, Harris 

and Jones (2008) conducted similar study of 143 people who fish from the James River 

watershed of Virginia. James River watershed is adjacent to the York River watershed 

which contains Lake Anna. Harris and Jones study reported an average of 55 fish meals 

per person per year. Finally, Virginia Commonwealth University (VCU) conducted a 

study entitled Fish Consumption and Human Health Risks (VCU, 2008). The VCU study 

interviewed 137 people who fish and reported an average fish consumption of 40 fish 

meals per person per year. The VCU study was done purposely for mercury-

contaminated fish. Although the VCU study was conducted for mercury-contaminated 

fish, it appears that the interviewees in the VCU study consumed fish for their nutrition 

values and without regard to mercury nor PCB contents of fish. The reported average fish 

consumption of 40 fish meals per person per year from the VCU study was accepted by 
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this study and used in conjunction with average fish consumption already discussed. 

Considering the aforementioned fish consumption studies, an average of 56 fish meals 

per person per year is used as the approximate frequency of fish consumption for Lake 

Anna. It should be noted that the Virginia Department of Health fish consumption 

advisory for Lake Anna due to PCBs is up to 2 fish meals per month, or no more than 24 

fish meals per year.  

For an adult consuming 56 meals of carp fish per year from Lake Anna, their 

contaminant intake or average daily dose (ADD) will be: 

I = [.495 X .00603 X 56 X 30]/[70 X 30 X 365] = 6.5X 10-06 mg/kg-d. Similarly, 

for the adolescent in age group of 7-15 years (see Table 18 above), ADD is calculated to 

5.1x10-06 mg/kg-d. Default values in Table 18 along with the above discussions and 

equation were used to calculate their average daily dose or ADD of PCB-contaminated 

fish for PCBs as if it were a noncarcinogen; and, lifetime average daily dose or LADD 

for PCB as if it were a probable carcinogen.  

Risk Characterization and Communication 
 Reference dose of a substance (e.g. PCBs) is a measure of the non-carcinogenic 

toxicity (Watts, 1998); whereas the cancer slope factors are used to quantify carcinogenic 

toxicity. Both CSF and RfD are listed in table 18. The hazard index or quotient is the risk 

indicator for noncarcinogen. The hazard index is the ratio of ADD or I to reference dose 

or RfD (Erdal, 2007). Incremental cancer risk is the product of the cancer slope factor or 

CSF and LADD (Barron et al, 1994). Acceptable risk level or ARL is the upper limit of 

the U.S. EPA range (10-4 to 10-6) of acceptable cancer risk levels. Starting from left to 
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right in Table 19, each entry in column 5 (i.e. ADD) is divided by the RfD from Table 18 

to obtain the hazard index shown in column 6 of table 19. The CSF from Table 18 

multiplied by each entry in column 7 (i.e. LADD) of Table 19 yield incremental cancer 

values in column 8 of Table 19. From an interpretation standpoint and based on the above 

assumptions, a hazard index greater than [1] means a likely occurrence of adverse health 

effects for the exposed group of individuals, and for a hazard index of less than 1, there 

probably is no concern (Erdal, 2007). Similarly, incremental cancer risk for carp 

consumption appears to be outside of the U.S. EPA ARL for cancer. Instead of 1 in 

10,000 to 1 in 1,000,000 incremental cancer risk, there are 13 and 10 in a million and 2 in 

10,000 cancer risks.  

Comments on Risk Assessment 
This study recognizes and recommends the need for future research in risk 

assessment due to dermal exposure of recreational swimmers, boaters, and maintenance 

workers, to PCB-contaminated waters in Lake Anna. Although not discussed, Lake Anna 

also contains PCB-contaminated sediments. Volatization of PCB with lower chlorine 

contents is a possibility, so research is also recommended for inhalation of PCB-

contaminated air within the Lake Anna atmosphere. It should be noted that the 

Occupational Safety and Hazard Administration (OSHA) permissible exposure level 

(PEL) for airborne concentrations of PCBs containing 42% chlorine is 1,000 microgram 

per cubic meters (µg/m3). The PEL for PCBs with 54% chlorine is 500 µg/m3. 
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Table 19: Cancer risk summaries due to catfish consumption from Lake Anna, VA 
Age 
Range 
Years 

Body 
Wt., 
kg 

Fish  
Type 

Size of  
Fish Meals, 
gram 

Add or I 
Mg/kg-d 

Hazard 
Index 

LADD 
Mg/kg-d 

Cancer  
Risk 

U.S. EPA 
ARL 

16 –70 70 Carp 6.03 g 6.5x10-06 .327 6.5x10-06 13x10-06 1 x 10-06 

7–15 45     “ 3.01 g 5.1x10-06 .254 5.1x10-06 10x10-06 1 x 10-06 

 1–6 15     “ 2.11 g 1.1x10-05 .535 1.1x10-05 2.2x10-05 1 x 10-06 

16 -70 70 Catfish 6.03 4.3x10-07 .022 4.3x10-07 8.6x10-07 “ 

7 – 15 45     “ 3.01 g 3.4x10-07 .017 3.4x10-07 6.4x10-07 “ 

1 – 6 15     “ 2.11 g 7.1x10-07 .035 7.1x10-07 14x10-07 “ 

16–70 70 Gizzard  

Shad 

6.03 2.3x10-07 .012 2.3x10-07 4.6x10-07 “ 

7 –15 45     “ 3.01 g 1.8x10-07 .036 1.8x10-07 3.6x10-07 “ 

1 –6 15      “ 2.11 3.7x10-06 .019 3.7x10-07 7.4x10-07 “ 
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MATERIALS AND METHODS 

Site Description 
The York and Rappahannock rivers  originates in the Blue Ridge. Rocks within 

the Blue Ridge Physiographic Province consist of coarse grained igneous and 

metamorphic rocks collectively called the Grenville basement rock 

(http://csmres.jmu.edu/geollab/vageol/vahist/index.html, 2010, June 22). It is structurally 

an eroded remnant of a large anticline. The limbs of an anticline imply steep slopes with 

high energy stream flow. The eastern part of the Blue Ridge Geologic Province blends in 

topographically with the Piedmont Province. Rocks within the Piedmont Province are 

divided into two main divisions. One group commonly called the Grenville complex, 

consists of igneous and metamorphic rocks of Proterozoic and Paleozoic ages. The 

second group of rock consists of sedimentary rocks of Triassic age. The sedimentary 

rocks are believed to be alluvial fan sediments deposited in a half graben type basin 

within the Greenville complex. The sedimentary rocks within the basin were later 

intruded by igneous dikes and lava flows. Rocks within the Piedmont are strongly and 

deeply weathered. Depth to bedrock and thickness of saprolite above bedrock generally 

varied from 2 to 20 meters (http://web.wm.edu/geology/virginia/provinces/piedmont/, 

2011, January 9). The presence of thick saprolite over bedrock means groundwater 

recharge is relatively slower; but groundwater pollution potential is also lower. The 

http://csmres.jmu.edu/geollab/vageol/vahist/index.html�
http://web.wm.edu/geology/virginia/provinces/piedmont/�
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saprolite tends to filter out some pollutants from infiltrating surface water and wastewater 

discharge from on-site septic drain fields.  

Unlike the Piedmont Province, the Coastal Plain Province extends from a major 

fault at the eastern edge of the adjoining Mesozoic sedimentary basin (Culpeper Basin in 

this case) and eastward to the Atlantic coast. The Coastal Plain consists of mostly 

unconsolidated and partially consolidated sediments. The sediments are mostly clay, sand 

and gravel which are believed to be stripped from the Appalachian Mountains to the 

west, and transported by rivers to the east. Since Coastal Plain sediments are mostly 

unconsolidated, recharge to groundwater in the Coastal Plain Province and groundwater 

flow velocities are relatively faster, but groundwater pollution potential is relatively 

higher. In other words and within the Coastal Plain Province, groundwater discharged 

(base flow) to each river is a potential source of PCBs from landfills, Superfund sites, 

municipal wastewater sludge application sites, and junkyard etc. 

Physical descriptions of the York River and the Rappahannock watersheds are 

taken from the VA-DEQ website 

(http://www.deq.virginia.gov/wqa/pdf/2008ir/ir08_Full_Document.pdf,  2011, March 9). 

Average annual precipitation (total) in the York River watershed is about 43 inches and 

average annual temperature is roughly 57oF. The York River watershed is about 220 

miles long and its width varies from 5 to 40 miles. The USGS divided the York River 

basin into three hydrologic units: the York River subbasin is numbered as HUC 

02080102, the Mattaponi River subbasin is coded HUC 02080105; and the Pamunkey 

River subbasin, HUC 02080106. The York River watershed has two major tributaries: the 

http://www.deq.virginia.gov/wqa/pdf/2008ir/ir08_Full_Document.pdf�
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Pamunkey and the Mattaponi Rivers. North and South Anna Rivers, and the Little River 

are tributaries to the Pamunkey River. Tributaries of the Mattaponi River include Po, Ni, 

and Matta Rivers. The York River basin straddles two major physiographic provinces. Its 

headwater originates from the Piedmont physiographic province; and its mouth at the 

main Chesapeake Bay is within the Coastal Plain province. Since the Piedmont has 

moderate topographic slope and the Coastal Plain is nearly flat, and slope of river channel 

is a major factor in river flow velocity, relatively faster flow and hence little sediment 

deposition is in the Piedmont area compared to areas with nearly flat slope. 

The Rappahannock River basin is divided into two USGS hydrologic units: the 

Rapidan-Upper Rappahannock hydrologic units, HUC 02080103 and the lower 

Rappahannock hydrologic units, HUC 02080104. The Rappahannock basin is roughly 

184 miles long and varies in width from 20 to 50 miles. Tributaries of the Rappahannock 

River include Hazel Run, Thornton River, Mountain Run, Rapidan River and Cat Point 

Creek. Average annual precipitation is about 48 inches and average annual temperature is 

roughly 58oF. Headwater of the Rappahannock originates in the Blue Ridge 

physiographic province, runs through the Piedmont physiographic and ends in the 

Chesapeake Bay which is in the Coastal Plain physiographic province. The Blue Ridge 

physiographic province includes the Blue Ridge Mountain. It is a rugged topography with 

high relief. The flow of surface water is faster and sediment deposits are mostly coarse 

sand and gravels. It follows that depositions of organic rich sediments capable of trapping 

PCBs are difficult to find. Consequently, most sampling stations in this study were 

located in the Piedmont and Coastal Plain Provinces. 
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Sediment Sampling design 
The location, interest and experience of this researcher in water quality were the 

basis for selecting this project. Follow-up readings to  fish consumption advisories in the 

Fredericksburg Freelance Star (Dennen, 2004) led to the selection of both the York and 

Rappahannock River watersheds, and to PCBs as the contaminant of concern. The origin 

of PCBs is anthropogenic and its presence as contaminant is related to land uses in a 

watershed (NRC, 2001). Fingerprints of chemicals derived from land uses within a 

watershed can be found in the atmosphere (for certain pollutants), the water column of a 

river/creek, and within the bed sediments below the water column. Sampling can be 

designed to follow either of four general methods: 1) simple random sampling, 2) 

systematic or grid sampling, 3) stratified random sampling, and 4) multistage sampling 

(EPA, 2001). In simple random sampling, all sampling units have the same probability of 

being selection. Simple random sampling is applicable to a homogenous population. In 

stratified sampling, the target population is divided into non-overlapping areas or strata. 

Random samples are obtained from each stratum. Due to variations in environmental 

variables with season and other factors, stratified random sampling is often applicable to 

sediment quality monitoring. Similar to stratified sampling, the multistage sampling 

utilizes professional judgment and/or previous information to select subareas within the 

project site. Sampling station locations are randomly assigned to each subarea to pool 

estimates of the contaminants of concern. Multistage sampling is useful for statistical 

comparisons of specific parts of the study area. Systematic or grid sampling randomly 

selects the first sampling station, and then subsequent sampling stations are located at 

regular intervals (e.g. every 1 or 2 miles) from the first station. Systematic sampling is 
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applicable to large areas with an intent to collect fine-grained sediments or toxicological 

data. Grid sampling may be effective in discovering previously unknown hot spots. A 

modified systematic grid sampling scheme was designed and used on this project.  

Total Number of Samples (n) 
Having selected the watershed, contaminant of concern, and the method of 

sampling, it was necessary to determine the total number of samples. The 

representativeness and completeness of the data to meet a project objective is affected by 

the total number of samples (EPA, 2001). There are statistical methods for calculating the 

total number of samples. Using a statistical formula to determine the total number is 

based on the simple random sampling methods. The details can be found in the following 

sources: page C-5 of U.S. EPA (2001), pages 61-62 of Zhang (2007), pages 30-35 of 

Gilbert (1987), and Hakanson (1984). A summary of statistical procedures to determine 

the total number of samples (n) follows. First, use historical existing data to determine the 

range, standard deviation, and mean concentration of contaminants, which in this case are 

PCBs. Second, assume a normal distribution for the data and select the appropriate 

confidence level (e.g. 80%, 90%, 95% etc.). Also assume the acceptable level of error (e), 

or the acceptable level of error is the difference between the regulatory threshold and the 

mean. It is common practice to randomly select the first total number of samples (n), and 

then use that number to determine the degrees of freedom (df), which is equal to n-1. 

Knowing the confidence level and the degrees of freedom, the next step is to select the 

appropriate student-t value from a statistical table. The total number of samples can now 

be calculated by using: 
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n = t2s2/e2                   

Equation 4 
Where s is the standard deviation and s2 is the variance, e is acceptable level of 

error, and t is the student-t value from statistical table at the appropriate degree of 

freedom. The total n is calculated using simple random sampling formula. Of course, this 

can lead to a large total number of sediment samples that exceeds the project budget. An 

iterative trial-and-error procedure is to adjust parameters such as confidence level, 

acceptable error and then calculate several total number of samples. The project budget 

and goal are the two major factors in selecting the total number of samples. For this 

project and since “hot spots” are localized and not normally distributed in a river system, 

simple random sampling method was eliminated from consideration. Moreover, 

geochemical heterogeneity in sediments, provenance differences and different types of 

sediments are a few of the variables not considered in statistical methods (Mudroch and 

Azcue, 1995). 

In fact, the factors that were considered in arriving at the total number of sediment 

samples included sampling and analytical costs, size of the study area, distribution and 

locations of fine-grained sediments depositional areas, texture and heterogeneity of the 

sediments, and time. Following the U.S. EPA’s suggestions, and since the project was 

designed to identify “” excessive or high PCB concentrations (anomalies) within 

watersheds, it was concluded that relatively fewer samples at regularly-spaced locations 

would be adequate. Mudrock and Azcue (1975) suggested that in addition to technical 

and economic constraints, common sense, good judgment, knowledge of historical 

background of the study area are other necessary factors. For this project, the sample 
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requirement was project-specific, and is a compromise between the ideal and the 

practical. Initially and ideally, 75 sediment samples per watershed were anticipated. 

Factors such as funding (e.g. student loan), equipment availability, site accessibility and 

time considerations reduced the total number of samples to 10 sediment samples per 

watershed. Having decided on the total number of sampling stations (and hence the 

number of samples), the next step was to determine the spacing between sampling 

stations.  

 Following suggestions from Gilbert (1987) and the aforementioned U.S. EPA 

document, the total length of each river was approximated as a transect line. A point (p) 

near the confluence of each river with the Chesapeake Bay was selected as a starting 

point. A sample spacing distance (d) of roughly 12 miles was calculated, giving an even-

looking distribution of sample points over the entire watershed. However, this 

determination of total sample locations was made in an office setting. The deposition of 

PCBs in an aquatic environment is associated with organic-rich fine-grained sediments 

(NRC, 2001). The deposition of organic-rich fine-grained sediment is controlled by 

factors such as low river gradient and velocity, and low energy depositional environment. 

In a natural river system, depositional environments are not evenly distributed at fixed 

numerical intervals due to river gradient and velocity. Field inspection revealed that some 

of the sample locations had no fine-grained sediments. Due to bedrock, topography, 

vegetation, and land use variations, some potential sediment depositional environment 

selected in the office contained mostly sand, gravel, rock and no organic-rich sediment 
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(mud). A few sampling stations had to be relocated. Figure 30 shows the final sample 

location map used in this research. 

Sediment Sampling Plan 
The collection of sediment samples for this project was accomplished through 

joint efforts between the VA-DEQ and GMU. The project was conceived to partially 

fulfill a Ph. D. dissertation requirement. The VA-DEQ participated as a joint sediment 

sampling and data sharing project for PCBs. The VA-DEQ conditionally agreed to 

participate. Among other things, VA-DEQ agreed and provided pilots and boats, 

sampling equipment, labor for some locations, and a quality assurance project plan 

(QAPP).  
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Figure 30: Map of the Rappahannock and York watersheds showing sediment 
sample locations  
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The VA-DEQ was also responsible for calibration of equipment such as the 

dissolved oxygen probe, maintenance of equipment (e.g. boats and trucks), and 

navigation in open waters. This research specified the sampling medium (i.e. sediments), 

the total number of samples and the sample location maps, the systematic and composite 

sampling methods, the methods of chemical analyses (i.e. EPA method 1668A), and this 

investigation paid the cost of fuels, shipping and chemical analyses. The QAPP specified 

field sampling equipment, sample containers, sample preservations, method of shipping, 

laboratory analytical methods and detection limits (</= 5 pg/kg). Importantly and to 

prevent cross contamination between sampling stations, the QAPP specified methods and 

sequence of equipment decontamination. To prevent or minimize breakage of sample 

bottles during shipping, each sample bottle was bubble wrapped before shipping as 

specified in the  QAPP.  

Field Preparation 
The main objective was to collect fine-grained (<64 microns or </=.0625 

millimeter diameter) sediments that are rich in organic matter. Such areas are conducive 

for the deposition of PCB-contaminated sediments. With this objective in mind, two 

major questions were considered when going to sample which were: 1) where in a 

flowing river system does one look for organic rich fine-grained sediments (mud), and 2) 

what do fine-grained sediments which trap PCBs and other organochlorines look like? 

Answers to both questions can be found in a document called Surface Water Quality 

Monitoring Procedures, Volume 1: Physical and Chemical Monitoring Methods (TCEQ, 

2008). While looking for fine-grained sediments, the first locations to avoid are those 
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with a steep gradients and/or fast flowing sections of a river (see figure 31). Such area is 

conducive for coarse-grained sand and not the deposition of organic fine-grained 

sediments.  

 

 

Figure 31: Steep gradient, fast flowing, Rocky and sandy area on the Rappahannock 
River near Fredericksburg. 
 

Due to high velocity and energy, fine-grained sediments tend to be transported 

(winnowed) away from steep gradient and high velocity river environments. Rocky river 

beds and areas containing sand and gravel deposits should be avoided. For meandering 



180 
 

(i.e. bending/curving) rivers, river flow velocity that transport sediments is stronger on 

the outside of the bends (Leeder, 1982), and lower on the inside of the curves or 

meanders. It follows that the outside of the bends of meandering rivers are not conducive 

for deposition of fine-grained sediments. Hard clay, bank deposits, and fill areas should 

also be avoided. Searching for fine-grained sediments should concentrate on areas such 

as an almost stagnant pool, nearly flat or low gradient areas with low flow velocity, 

muddy river beds, quiescent areas with lower hydrologic energy and reservoirs. Sediment 

samples for this study were collected from depositional areas similar to those shown in 

figure 32. The presence of muddy stream bank is an indication of flood events and 

sediment deposition from receding and nearly stagnant pool of turbid flood. The gray-

shaded tree leaves shown in figure 32 were most likely submerged under flood water 

during high flood stage at this location. Gray coloring of the tree leaves is most likely due 

to mud deposition during flooding. 
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Figure 32: An example of fine-grained sediment depositional area showing muddy 
stream bank and nearly stagnant pool of turbid water. 
 

Recognition of fine-grained sediment is very important for the success of a PCB-

contaminated sediment investigation. Colors of organic-rich fine-grained sediments vary 

from dark gray, bluish-gray to black, and reddish brown to occasional yellowish brown 

(see figure 33). Organic-mud or fine-grained sediment is sticky, feels smooth/slippery 

and has a consistency similar to a plastic clay. It also has poignant odor. The presence of 

sands in a mud matrix is indicated by a gritty feel. High concentrations of PCBs, PAHs 
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and organochlorine pollutants are associated with organic-rich, fine-grained sediments 

(NRC, 2001) 

 

 

Figure 33: Comparative field photographs showing samples of sand on the right, 
and organic-rich mud or fine-grained sediment on the left. 
 

Field Sampling 
This dissertation reviewed selected documents on sediment sampling. For 

example, the EPA (2001) sediment sampling manual has details descriptions of  aquatic 

sediment sampling, quality control, preservation and transportation.  Kakanson (1984), 

and Murdoch and Azcue (1995) also contained sediment sampling procedures and other 

information. The USGS (1994) published guideline for collecting and processing 

sediment was also reviewed,  and finally, Zhang (2007) discussion on environmental 

sampling was also consulted.  
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One of the first things to do is to schedule the sampling events. For this study, the 

first field sampling was scheduled and implemented during the week of June 20 to 24, 

2011. Due to limited funding, there was no site inspection to ascertain whether the 

sampling stations coincided with depositional sites for fine-grained sediments. Instead, 

field reconnaissance to identify depositional sites, adjustment of sample locations based 

on field observations, and physical sampling of sediment samples were all combined as 

one trip. Basic sampling equipment for this project are listed in Table 20 below. Other 

equipment not shown on the table were a 5-gallon can of deionized water, 2 spray bottles, 

one gallon can of methanol, one gallon can of citreous cleaning agent, field note books, 

laptop, sample location and Chesapeake Bay maps, and two permanent black markers. 

There were two sampling teams each of three persons. One person was responsible for 

navigation, and two persons were responsible for sediment sampling, sample storage and 

decontamination of equipment. 

  

Table 20: Showing Basic Sediment Sampling Equipment used on this project 
Sampling equipment Owner/provider Use/application 
2 full size trucks: F250-4X4 VA-DEQ Tow boats, transport samples  

and equipment 
2 motorized boats: each with 4- 
stroke Yamaha-90 motor, GPS,  
Depth and fish finder; 

 VA-DEQ Navigation, Station locations,  
sediment sampling and  
transportation 

“Hydrolab” Probe VA-DEQ Measure DO, pH,  
Temperature and salinity 

1 Stainless steel pan VA-DEQ Receiving and inspecting  
samples from Ponar grab  
sampler 

1 Stainless steel tray VA-DEQ Compositing and  
homogenization of sediments 

1 stainless steel cook spoon VA-DEQ Breaking sediment apart and  
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compositing 
1 stainless steel tweezers VA-DEQ Remove unwanted  objects  

(e.g. rocks, wooded debris)  
from sediment 

Petit Ponar Grab sampler VA-DEQ Grab, lift and bring sediment  
from river bottom to boat 

1 Nikon Camera The project Photo documentation of field  
procedures 

1 ice cooler with lid and ice The project Sediment sample storage at 6  
oC 

25 precleaned glass jars with lids  
and  bubble wraps 

Cape Fear  
Analytical Lab 

Sediment sample containers 

Short wave weather radio and  
communication equipment(e.g.  
cell  phones, radio) 

VA-DEQ and the  
project 

Weather watch and daily  
communications 

 

The project was divided into two general sections, tidal water and non-tidal 

streams. Both field sampling teams were deployed during the same week at different 

locations. One sampling team (included myself) collected sediment samples from the 

tidal waters, and a second team (experts from VA-DEQ) collected sediment samples from 

non-tidal and wadable waters. 

Sample Collection and Processing 
For the tidal portions of both watersheds, sampling started within the York 

watershed and proceeded toward the Rappahannock watershed. The sample location map 

coordinates and handheld global positioning system (GPS) were used to approximate 

coordinates for each sampling station. A navigational map booklet of the Chesapeake 

Bay was used to identify public and private boat ramps. Each team member reviewed the 

weather report before arriving for work. The pilot summarized weather report at a safety 

briefing each morning. The sampling team used a truck to transport sampling equipment 
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and towed the boat to public boat ramps. Figure 34 shows a typical boat deployment on 

the tidal water.  

 

 

Figure 34: Boat deployment and warm-up at a private boat ramp on the York River 
 

Sampling equipment arrived each morning in a decontaminated condition. Once 

the boat was deployed in the water and the sampling team was onboard, the pilot 

performed a safety check to make sure that each team member wore and properly 

fastened floatation vests, lose objects were properly secured, cell phones and weather 
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radios were properly working, etc. Based on predetermined coordinates for each 

sampling station, the boat moved into and occupied a sampling station. Sampling 

implements such as stainless steel trays, and a Petit Ponar grab sampler were fully 

wrapped in aluminum foil and transported to each sampling station. Once the boat arrived 

at the approximate sampling station, the anchor was dropped into the water to keep the 

boat from drifting away from its intended position. Each member of the sampling team 

wore disposal gloves before the start of sampling and before unwrapping each component 

of the sampling equipment. The sampling tray, sample receiving pan, Petit Ponar grab 

sampler (aka sampler) and other equipment were unwrapped and laid out on deck as 

shown in figure 35.  
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Figure 35: Petit Ponar Grab sampler with rope attached and other sediment 
sampling equipment at the stern of a boat on the York River 
 

Petit Ponar Grab Sampler 
A Petit Ponar grab sampler (aka sampler) is a clam-shell looking device used to 

collect sediment samples. It measures 6 inches wide, 6 inches long, and is roughly 6 

inches deep. It weighs about 21 pounds. The previously decontaminated sampler was 

manually and slowly lowered into the water using a 2-millimeter diameter rope attached 

to the sampler and tested to make sure it had reached the river bed. By swiftly pulling on 

rope attached to the sampler, safety pin on the sampler is released and the sampler jaws 

snapped closed. The rope attached to the sampler was used to pull the sampler plus 

sediments up (see figure 36).  
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Three major factors affected the sampler as it was lowered to the bottom of the 

river. The first was that as the sampler descended, by removing the sampler from the boat 

and lowering it into the water, the boat became 21 lbs. lighter. The second was the 

velocity of the river, which tends to push the sampler sideways causing the sampler to 

drift at an angle before reaching the river bottom. Drifting caused the sampler to land at a 

location that is different from its intended position with respect to the boat. The third 

factor was the buoyant force due to the column of water between the river bed and the 

surface of the river. The buoyant force tends to push the sampler back upward; and, 

retard it from descending as freely as in air. The approximate volume of the sampler is 

.125 cubic feet (i.e. 6” X 6” X 6”), and assuming that the specific weight of salt water 

(i.e. tidal York and Rappahannock are saline water) is 64 lb./ft3, the buoyant force on the 

sampler when the sampler was 50% submerged under water is approximately 4 pounds 

(.125 X .5 X 64). Using a similar procedure, when the sampler was 100% submerged, the 

buoyant force on the sampler was doubled to 8 pounds. In other words, by the time the 

sampler hit the river bed, it appeared lighter and weighed roughly 21 minus 8 pounds, 13 

pounds.  
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Figure 36: Field photographs showing retrieval of Petit Ponar grab sampler plus 
sediment sample from beneath the York River. 
 

Conversely, when the sampler plus its water-saturated sediments leave the water, 

the weight had increased to nearly 50 pounds. Abruptly pulling on heavier object on one 

side of a floating boat tends to destabilize the boat, and may lead to muscle injuries. 

When the sediment sample and sampler are pulled from the river, clarity of water 

dripping from the sampler can provide clues to the quality of the sediment sample. For 

instance, clear and clean-looking water dripping from the sampler was an indication of 

clean sand or no sediment in the sampler, muddy/turbid water dripping from the sampler 
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was an indication of organic-rich fine-grained sediment in the sampler. The sampler was 

then lowered into a stainless steel pan and opened for inspection of the sediments.  

Quality assurance parameters were used to accept or reject sediment samples. The 

sample size of roughly 500 grams or more, with very little or no water content, no 

gravel/pebbles nor predominantly sand, and no debris nor tree roots/stumps. Sediment 

samples were also rejected if the jaws of the sampler were open, the sample was partly 

washed out, or if the total grab sample was less than 5 cm deep. These criteria are 

necessary in order to promote uniformity and consistency in protocol and comparability 

of data collected from different locations, ensure defensible results, ascertain usable and 

verifiable data, and most importantly, to reduce or account for measurement error (EPA, 

2001). With respect to measurement error, unfortunate swift pulling on the rope attached 

to the sampler caused fine-grained river-bottom sediments were lost. Additional fine-

grained sediments were also lost and became suspended in the water column because the 

rope had to be pulled few times before the jaws could close and pick up the riverbed 

sediments. In a glass tank and field demonstrations of the Petit Ponar grab and other 

samplers (see figure 37), the EPA observed that the sampler does not capture whole river 

bed sediment (EPA, 2005) without disturbance. By repeatedly pulling the sampler rope 

up, the sediment samples may not be totally representative of in-situ whole sediment 

conditions.  
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Figure 37: Demonstration of the Petit Ponar grab sampler as deployed in a glass 
tank containing sediments and partially filled with water; modified from U.S. EPA, 
2005. 
  

In comparison to other samplers, the gravity corer and the Ponar sampler 

disturbed surface sediments in an almost similar manner. Video assessment of a type of 

sediment sampler called an undisturbed surface sediment (USS) sampler should 

substantially reduce disturbance of the surface of the sediment during sampling. The USS 

sampler was designed by Brian Schumacher of the U.S. EPA (EPA 2005). Due to cost, 

availability and time constraints, this study selected and used the Petit Ponar grab 

sampler.  
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Once an acceptable sample was found, the boat’s anchor was removed and the 

boat navigated to a new position. By design and at each sampling station, the boat was 

positioned along a straight line perpendicular to each bank of the river. Three sediment 

samples were collected: one from near the middle of the river, one each from a position 

closer to each bank of the river. At most sampling stations, the sample point located at the 

middle of a river was sand. According to Gupta (1989), flow velocity of a river is 

generally stronger in the middle and decreases towards each bank. Stronger velocity is 

conducive for the deposition of coarse sand and gravel, and not organic-rich fine-grained 

mud. When sandy locations were encountered, a field decision was made to only collect 

and composite the other two samples from positions closer to the river bank.  
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Figure 38: photographs showing sediment compositing and sampling at station YK6 
on the York River; Route 30 Bridge at West Point is in the background 
 

The aforementioned sediment samples from three separate locations along the 

same transect perpendicular to each bank were thoroughly mixed, and homogenized to 

form a single uniform mass of sediment sample. A stainless steel cook spoon was used 

for sediment mixing and to draw lines that divided the composited sediment into four 

aliquots. The stainless steel cook spoon was also used to collect one subsample from each 

aliquot of the composited and homogenized mass of sediment. Four smaller subsamples 
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were placed in a single precleaned, laboratory grade glass jar as shown in figure 38.  The 

York River shown in figure 38 flowed diagonally from upper right on the photograph to 

lower left. About one-half inch of space was left above the subsamples in the glass jar to 

make room for expansion due to potential expansion when the sample was frozen 

condition.  

 

  

Figure 39: Photograph showing duplicate sediment samples for PCBs in smaller 
glass jars, and sediment samples for TOC and particle size analyses in larger plastic 
jars 
 

The sample jar was tightly closed and labeled. The site ID number, date & time, 

and analyte (PCBs) were written on a label on each sample jar (see figure 39). Each jar 
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was then bubble wrapped to minimized breakage. The site ID number, date & time 

coordinates, and general field observations were also recorded in the field note book. The 

labeled sample container was placed on ice in an ice cooler at about 6 oC. The ice cooler 

was tightly closed and stored away into a compartment of the boat. The remaining 

composited sediment sample was discarded overboard back into the river at the same 

location. While one team member was physically collecting sediment samples, another 

member was labeling sample jars, positioning ice cooler, making field notes and 

observations. While the boat was anchored, the boat pilot deployed the “Hydrolab” 

probe. The Hydrolab probe is an instrument that measures salinity, dissolved oxygen, 

water temperature. After 1-2 minutes of deploying the Hydrolab probe into the water, the 

pilot would read out values for specific conductance, pH, DO, temperature and salinity to 

be recorded. The last step after completion of sampling was the decontamination of 

sampling equipment. 
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Figure 40: Sediment sample #RA25 was collected in wadable water from the 
Robinson River at Route 29 near the Town of Madison 
 

Sediment samples were also collected in wadable waters. For instance, sediment 

sample #RA25 (see figure 40) was collected in wadable water from a section of the 

Robinson River, between the north and southbound lanes on Route 29 near the town of 

Madison. As shown in figure 40, the middle of the river was relatively fast flowing, but 
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mud deposited on rocks in the foreground was interpreted as fine-grained sediment 

depositional zone. Dark spots at the base of bridge support on the right, plus ring around 

the base of bridge support to the far left are indications of previous flood events. 

Dermal exposure to PCBs-contaminated sediment was sometimes high during 

sediment sampling, as shown in figure 40. This time, the sampling team arrived on-site 

without any disposable hand gloves, a potential source of error. 

Quality Assurance 
The VA-DEQ provided the quality assurance project plan (QAPP) for both field 

sampling and laboratory analyses. Among other things, the QAPP plan calls for two 

duplicate samples for 10% of the total sediment samples. The duplicate sediment samples 

were sent to the laboratory for chemical analyses (see figure 39). The duplicate samples 

were intended to: check spatial variability of contaminant at a station, check the 

heterogeneity of sediment quality within a site, and check laboratory precision (EPA, 

2001). For this project, and due to cost control, field-split duplicates were used.  

A decontamination of sampling equipment was intended to minimize transferring 

contaminants from one location to another. For this study, a 9-step decontamination 

procedure outline in Standard Operating Procedures Manual (DEQ, 2008) was followed. 

In summary, step 1 was to use special brushes to scrub and thoroughly wash each piece 

of equipment with Liquinox detergent. Step 2 was to rinse each piece of equipment with 

deionized water. Step 3 was to wash each piece of equipment with a brush and liquid 

Citranox detergent. A rinse with deionized water, and a rinse with pesticide grade 

Ethanol or Methanol to remove organic compounds including PCBs. The final step was 
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to cover and completely wrap each piece of equipment with clean aluminum foil. It took 

roughly 30 minutes to 1 hour to decontaminate and wrap all sampling equipment at each 

site before moving to the next site. Considering decontamination and travel times 

between stations, the team was able to collect samples from three stations a day.  

An equipment blank was collected during this study. The equipment blank 

consisted of collecting a sample from the final equipment rinsing water (rinsate). The 

labeled rinse water sample was sent to the laboratory for chemical analyses using the 

same method as used on the sediment samples. If the equipment blank tested positive for 

PCBs, then the decontamination process evidently did not sufficiently eliminate cross 

contamination between stations. A chain of custody form was used to list each number, 

date and time of collection, sample collector’s initial and intended method of chemical 

analyses. The chain of custody form was inserted into the ice cooler containing the 

samples. The cooler was tightly closed, sealed with duct tape and properly labeled.  
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Figure 41: Photograph showing ice cooler containing sediment samples packed on 
ice, and sediment sample chain of custody form. 
 

An ice cooler containing the sediment samples and the chain of custody form was 

shipped (see figure 41) via next day delivery to Cape Fears Analytical laboratory for 

chemical analyses. Cape Fears Analytical Laboratory is located in Wilmington, NC. A 

liquid trip blank was sent from the laboratory in a sealed cooler. The tightly sealed trip 

blank made a round trip from the lab to the field. It was packed with the samples and 

shipped back to the laboratory. The trip blank was intended to determine whether 

contaminants were introduced during shipping. 

Field Data 
This study chose to separate laboratory data from field data. Field data collected 

for this project is presented first, followed by laboratory data. For four sampling stations 
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in each watershed, the team from VA-DEQ did not record water depth. These stations are 

located in the non-tidal and wadable water sections of the project area. However, 

combination of data from an existing VA-DEQ database and field data in both tables 21 

and 22 led this study to conclude that auxiliary sets of data such as pH, DO, etc. were 

sufficient. That is why there are gaps in certain columns of the field data summary shown 

in tables 21 and 22. Due to geographic position and closeness to its intended location, 

sample ID #YK-23 (i.e. York River watershed #23) was deleted and replaced with 

sample ID #YK-24. Table 21 is a summary of field data for the Rappahannock River 

watershed; and Table 22 is a summary of field data for the York River watershed. In both 

tables, conduct. means conductivity, temp. stands for temperature, lat stands for latitude, 

and long is for longitude. For future statistical analysis, field data from dissolved oxygen 

(DO) and pH were transferred to and recorded with laboratory data for total PCBs. 

Laboratory Analyses 

TOC and PSA 
There are two major factors which affect the distribution and deposition of PCBs 

in fine-grained sediments. The first factor is the amount of organic matter measured as 

TOC contents of sediment. Among other things, organic matter in sediments and soil 

have the ability to bind particles together, catching sorbed and 

 

Table 21: Summary of field data for the Rappahannock watershed 
Site ID Coordinates 

 Lat.                    Long 
Temp. oC Conduct.,  

µs/cm 
Water 
Depth, m 

RA-1 37o35’34.8” -76o21’03.1” 25.17 23,255 16.4 
RA-1 Duplicate     
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Site ID Coordinates 
 Lat.                    Long 

Temp. oC Conduct.,  
µs/cm 

Water 
Depth, m 

RA-4 37o44’39.9” -76o35’38” 24.81 19,250 12 
RA-4   Duplicate     
RA-7 37o56’7.4” -76o50’58.5” 25.36 4593 6.2 
RA-10 38o06’44.9” -77o03’19” 26.65 107 7 
RA-13 38o14’40.8” -77o19”30.4” 24.63 104 4.3 
RA-14 38o15’3.22” -77o2’45.6”  Frederic. 5 
RA15 38o20’3.77” -77o36’14.9”    
RA-18 38o27’09.9” -77o54’051” 22.9 277  
RA-20 38o13’52.9” -78o5411.1” 23.7 80  
RA-21 38o37’42.3” -78o0350.6 24.3 80  
RA-22 38o31’55.8” -78o7’13.18”    
RA-24 38o41’03.3” -78o13’52.9” 23.7 60  
RA-25 38o24’.102” -78o13’38.17”    
 

 

Table 22: Summary of field data for the York watershed 
Site ID Coordinates 

Latitude                 Longitude 
Temp oC Conduct.  

µs/cm 
Depth, m 

YK-1 37o1410.4” -76o27’58.9 22.46 22768 11.2 
YK-2 37o16’33.6” -76o32’21.9” 24.94 16324 7.81 
YK-4 37o24’59.5” -76o32’21.90 25.66 28759 11 
YK-6 37o31’53.3 -76o48’15.1” 26.76 14360 10 
YK-10 37o43’27.67” -77o1’22.93”   2.5 
YK10-1 Duplicate    7 
YK-11 37o41’7.1” -77o48’10’59.9” 24.75 193 .9 
YK-12 37o46’32.8” -77o04’31.1” 22.84 49.7 1.5 
YK-17 37o53’22.2” -77o27’59.8” 23.7 63  
YK-19 38o06’08.9” -77o28’51” 23.9 68  
YK-23 37o53’6.6” -77o54’55.7” 21.9 57  
YK-25 38o09’18.4” -77o57’01” 23 105  
 

desorbed organic compounds (e.g. PCBs) derived from anthropogenic sources 

(Schumacher, 2002). A second factor is particle size distribution. Particle distribution is 
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related to depositional environment in a fluvial setting. High concentrations of PCBs are 

associated with silt and clay fractions of river sediments (NRC, 2001). As discussed 

earlier, these factors were the criteria used to select and subject certain sediment samples 

to TOC and particle size analysis (PSA).  

For each group of sediment samples from each river basin, there were two 

separate types of laboratory analyses (TOC and PSA). Sediment samples were split into 

two-one subsample was analyzed for TOC, and the second subsample was processed for 

PSA. Due to funding restrictions and suggestion from VA-DEQ, TOC and PSA were 

done for samples from the tidal sections of both watersheds. The VA- DEQ paid for and 

shared their TOC and PSA results with this study and  in turn, this study paid for and 

shared results from this study with DEQ. The TOC and PSA analyses were done by the 

Virginia Division of Consolidated laboratories (DCLs). Communication with a senior 

chemist at DCLs explained that the method used for TOC analysis was described by 

Schumacher (2002). TOC analyses were performed by the high temperature, automated 

dry combustion of TOC. Methods for the analysis of particle size distribution sediment 

are described by Guy (1969). In summary, it involved mechanical separation by a nest of 

sieves and a “Rotap sieving machine” to gently shake sieves containing sediments. 

Tables 21 and 22 are summaries of field data for both watersheds. 

 Laboratory Selection for analyses of PCBs 

There are two common methods for the analysis of PCB-contaminated sediments. 

EPA method 8082 (http://www.epa.gov/osw/hazard/testmethods/sw846/pdfs/8082a.pdf, 

2011, April 27) is cheaper, but is less sensitive. This higher detection limit was 

http://www.epa.gov/osw/hazard/testmethods/sw846/pdfs/8082a.pdf�
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interpreted, when it happened, to result in a situation where perhaps all results from 

samples would yield a below detection limit (BDL), zero detection or non-detect. 

Concern about this lower sensitivity led us to not use method 8082. The Method 1668A 

has lower (nanograms range) detection limits; but it is very expensive (see Table 23 

below). In order to control costs, this study was advised to increase sample spacing, 

reduce the number of samples, and “shop around” for competitive pricing.  

Chemical analyses of sediment samples for PCBs by a commercial laboratory are 

functions of several variables; including the method of analysis, detection limits, 

turnaround time, costs, and laboratory location, etc. With this in mind, this study used the 

internet and professional associates to solicit price quotes from commercial laboratories. 

Several analytical companies submitted proposals. Three factors plus references were 

used to screen the companies. Table 23 is a list of companies and screening criteria. In 

Table 23, TAT stands for turnaround time, and mgn’t is for management. Based on cost 

per sample and detection limits, Pace Analytical and Cape Fear Analytical were selected 

for interviews. During the interview, Pace Analytical backed away from their method 

detection limits. Based on cost per samples, detection limits in the nanograms range, 

information provided by three references, professional relationships with and 

recommendation from VA-DEQ, the Cape Fear Analytical Services was selected to 

perform chemical analyses for PCBs homologs.  

  

Table 23: Summary of commercial laboratory interested in analyses of PCBs 
Company Name Method  of  

analyses 
 Method  Detection 
 Limits or MDL 

Cost per  
sample 

Comments 
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Company Name Method  of  
analyses 

 Method  Detection 
 Limits or MDL 

Cost per  
sample 

Comments 

Test America, Inc. 1668A .005 ng/g for each 
homologue 

$600.00 $30 per cooler;  5%  
mgmt. fee; based in  
Knoxville, TN; TAT  
is 20 days 

Columbia Analytical  
Services, Inc. 

1668A 100-1000 ng/kg $675.00 TAT is 25 days;  
based in Houston,  
TX 

Pace Analytical  
Services 

1668A .33 – 17.77 ng/kg $650.00 TAT is 28 days; will  
match lowest prices;  
based in Minnesota;  
backed away from  
MDL. 

Analytical  
Perspective, Inc. 

1668A Not specified $675.00 TAT is 30 days;  
based in North  
Carolina 

SGS Inc. 1668A .09 – 2.88 pg/g $775.00 TAT is 15 days;  
based in Indianapolis 

Cape Fear Analytical 
Services 

1668A .066 – 3.7 pg/g $525.00 TAT is 28 days;  
based in North  
Carolina; heavily  
favored by VA DEQ 

Water, Air and Soil 8082 Not specified $52.00 + $500  
report  
preparation 

TAT is 10 days;  
based in Richmond, 

VA 
Vista Analytical 1668 2.5 pg/g for all  

homologs 
$1,175.00 TAT is 21 days;  

based in El Dorado  
Hill, CA 

  

PCBs analyses by Method 1668A 
Special cleaning of glassware and other sample processing procedures are 

required in EPA Method 1668A document (EPA, 2003). For instance, baking of 

glassware at 300 – 500 oC in a kiln or furnace is recommended after dirty samples are 

encountered. Glassware has the potential to contaminate samples because the analytes of 

interest can be adsorbed on the glassware interior surfaces. Sediment samples are 

homogenized, and 5-10 grams are dried for 12 hours at 110+/-5 oC, and cooled in a 

desiccator. Percent solid determination, homogenization, grinding and blending may be 
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necessary to obtain the required particle size of 1 millimeter or less. Grinding, 

homogenization and blending are performed in a fume hood or glove box. PCBs sorbed 

unto the surfaces of sediments, including those within interstitial waters among 

sediments, must be separated or extracted (Sewell and Clarke, 1987). The Soxhlet/Dean-

Stark (SDS) extraction is required. Details of the SDS extraction procedure are provided 

by Lamparsk and Nestrick (1989). Hexane is a common extraction solvent. The extracts 

are usually cleaned to reduce or eliminate common interfering compounds such as 

chlorinated dioxins, pesticides, dibenzofurans, etc., by Gel permeation chromatography 

(http://www.dnr.wi.gov,  February, 2010). Details of cleanup the extracts are also 

provided by Brannon and Karn (1990). After cleanup, the extract is concentrated before 

its PCB concentration can be measured.  

http://www.dnr.wi.gov/�
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CHROMATOGRAPHIC THEORY AND APPLICATION 

Many years ago, Mikhail Tswett developed the use of a glass column packed with 

calcium carbonate (solid phase) to separate plant pigments (Robards K. Jackson, P., and 

Haddad P., 1994). Tswett defined chromatography from two Greek words “chroma” (for 

color), and “graphein”. Chromatography is an analytical technique often used to separate 

components of a sample. The components are distributed between two phases, a 

stationary phase and a mobile phase. The mobile phase can be either gas or liquid, and 

the stationary phase may be solid or liquid. As the mobile phase containing the sample 

moves through the stationary phase, separation of the solutes in the sample results from 

differences in their rates of adsorption, diffusion, solution, or reaction with the mobile 

and/or stationary phases (Bunting, 1983). As an example, figure 42(a) is a schematic 

(http://www.msu.edu, 5/2/2011) showing the introduction, flow, separation and detection 

of a sample. The sample contained a mixture of analytes A and B and was introduced into 

a chromatographic column at time to. Based on differences in distribution coefficients, 

molecular weights, adsorption, affinity, rate of diffusion, and other factors such as system 

temperature, analyte A separated from analyte B and was eluted (moved) ahead of 

analyte B. Analyte A was detected first at time t3 (see figure 42b); and analyte B was 

detected later at time t4. 
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Figure 42: Schematic showing migration of a sample consisting of two analytes A & 
B, and separation of components through a chromatographic column; modified 
from Michigan State University, 2011 
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The distribution constant, Kc is a ratio between the equilibrium concentration of 

an analyte [B]s in the stationary phase to its equilibrium concentration in the mobile 

phase [B]m. 

 

Kc = [B]s/[B]m  

Equation 5 
This distribution constant, Kc controls the rate of migration (elution) of analytes 

B and A (Miller, 2005). The different migration rates of solutes through a 

chromatographic column are revealed by differences in distribution constants. Based on 

affinities for the stationary or the mobile phase, the components of a sample partition 

between the stationary phase (usually liquid in the case of gas chromatography) and the 

mobile phase (gas). More details of chromatographic theory and in-depth discussions are 

provided by Cases and Scott (2002); and Braithwaite, A., Smith F., and Stock, R., (1985). 

When the mobile phase is a carrier gas, the process is called gas chromatography 

(McNair & Miller, 2009). Helium, nitrogen, argon, and carbon dioxide are common 

carrier gases. In gas chromatography, the analytes must be in the gaseous phase or nearly 

so. It is important for the stationary phase to be porous and have larger surface areas, and 

the mobile phase or carrier gas should be inert. The volume of the analytes in the 

chromatographic system is called retention volume (Vr) and is related to the distribution 

constant (Kc)  by: 
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Vr = Vm + KcVs  

Equation 6 
Where V represents a volume, and subscripts r, m and s stand for mobile, 

retention and stationary respectively. The computerized system that performs 

chromatographic separation is called a chromatograph (see figure 43). 

 

  

Figure 43: Schematic diagram showing a gas chromatograph, modified from 
Sheffield Hallam University (http://teaching.shu.ac.uk, 2011, September). 
 

Printout of curves/graphs from a chromatograph used to approximate 

concentration of analytes is a chromatogram (see figure 44). As shown in figure 44 

(Wake Forest University, 9/2011), each peak results from the chromatographic separation 

and detection of two hypothetical analytes. In order to convert the chromatographic raw 

data (e.g. chromatograms with peaks and retention times or RTs, areas and heights) into 

PCB concentrations, the sample chromatograms are compared with standard 

chromatograms (Erickson, 1997). The horizontal axis is time (seconds) and the vertical 

axis is instrument signal. The area under each peak is the product of the height of that 

http://teaching.shu.ac.uk/�
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peak and the width of that peak measured at one half the distance of peak height. The 

percentage concentration of each analyte is the quotient of the area under the peak 

corresponding to that analyte divided by the total area, multiplied by 100. With respect to 

figure 44 which shows peaks for two solutes, the resolution (Rs) is defined as the distance 

between the maxima of peak 1 and 2 (Mcnair and Miller, 2009). Rs is a measure of the 

degree to which adjacent peaks are separated. It is an indication of the efficiency of a 

chromatographic column. A resolution value of 1.5 is required for complete, baseline 

separation of chromatographic peaks. 
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Figure 44: Schematic of a chromatogram showing two peaks and retention times for 
each peak; modified from Wake Forest University, (2011, September 14) 
 

Summary of the advantages of gas chromatography method includes its fast 

analysis and ease of use, efficient-providing high resolution, its sensitive-easily detecting 

ppm and ppb range, its ability to use small samples, and its reliability and lower cost. The 

method is limited to volatile samples and is not suitable for thermally labile samples. It 

also requires spectroscopy, usually mass spectroscopy, for confirmation of peak identity. 
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In order to identify and estimate the concentration of PCBs and other contaminants in 

sediments, the gas chromatograph is usually coupled with a mass spectrometer. A 

summary of the principle of mass spectrometry follows. 

According to the Scripps Center for Metabolomics and Mass Spectrometry 

(http://masspec.scripps.edu/mshistory/whatisms_toc.php, 2011, June 21), mass 

spectrometry is a method used to form and characterize gas ions based on their mass-to-

charge ratios and relative abundance. It is the study of ionization energy on molecules. A 

mass spectrometer consists of equipment (e.g. ionizer, analyzer, detector, computer, etc.) 

that converts gas molecules of the sample into ions (charged particles), separates the ions 

according to their mass to charge ratios, and records individual ions intensities 

(www.chem.arizona.edu/massspec,  2011, July 25). Figure 45 is a block diagram of a 

mass spectrometer (http://www.hull.ac.uk/chemistry/masspec3/, 2011, July 25).  

http://masspec.scripps.edu/mshistory/whatisms_toc.php�
http://www.chem.arizona.edu/massspec�
http://www.hull.ac.uk/chemistry/masspec3/�
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Figure 45: Block diagram of a mass spectrometer, modified from University of Hull, 
(2011, July 19) 
 

When a gas chromatograph is combined with a mass spectrometer, gaseous 

vapors from the gas chromatograph are introduced into the ionization chamber of the 

mass spectrometer. Electron impact ionization creates ions molecules. These charged 

molecules are accelerated into a mass analyzer. The path travelled by the charged 

molecules is a function of its mass. The mass analyzer uses the mass to charge ratio to 

arrange the ions. By striking the detector, an electronic signal is produced and used to 

approximate the abundance of ions. In summary, chemical analyses of sediment samples 
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for this research were performed using U.S. EPA Method 1668A, and method 1668A is a 

combination of gas chromatography and mass spectrometry (EPA, 2003). 

A visit was made to Wilmington, North Carolina to inspect the Cape Fear 

Analytical Laboratory. Sediment samples were shipped via next-day-air to this laboratory 

and they performed chemical analyses of all sediment samples collected for this research.  
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Figure 46: Cape Fear Analytical sample storage refrigerator containing samples 
awaiting chemical analyses; interior temperature of the storage room is below 6 oC. 
 

Quality Control 
Results from chemical analyses of sediment samples submitted by Cape Fear 

Analytical laboratory were reviewed as a part of the quality control and assessment 

processes for this project. According to the U.S. EPA, laboratory data verification should 

provide (EPA, 2002) verified data and records of verification. Tables 24 and 25 are 

summaries of results from chemical analyses of sediment samples for this research.  
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Figure 47: Cape Fear Analytical laboratory sample receiving and computer logging 
station. 
 

The objectives of the site visit were: to identify and verify the location and 

facility, ascertain performance of the Cape Fear Analytical laboratory, identify and 

inspect credentials of analysts and lab director, and learn about recovery and other 

laboratory processes. Figure 47 shows Cape Fear Analytical sample receiving room, a 

laptop to the left of the table in figure 47 was used to log the sample on arrival. A 

ventilation hood is above blue coolers and to the left of two cardboard boxes in the 

background of figure 47. After logging in, the samples were then transferred to a 
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refrigerated storage room shown in figure 46. Figure 47 is a combination of gas 

chromatograph and mass spectrometer used to analyze sediment samples from this 

research for PCBs. 

 

 

Figure 48: Hewlett Packard model HP7890A gas chromatograph with a blue sample 
rack in front, 
  

 

As shown in figure 48, a green cylinder containing helium(a carrier gas) is 

between the desktop computer and the gas chromatograph;  a “Waters Autospec Premier” 
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mass spectrometer with a beige cover is located to the far right. The beige rectangular 

box with a gray base housed a huge magnetic component of the mass spectrometer. 

A desktop computer and printer located to the right of the green cylinder in figure 

48 was used for storing and/or copying data output from the GC/MS system. A review of 

laboratory reports revealed that recovery from spikes and surrogates were within 

acceptable ranges. All samples for this study were shipped next day delivery and met the 

U.S. EPA holding time. Results from method blanks were also below detection limits. 

One duplicate sediment sample from each watershed was submitted to the laboratory for 

chemical analysis. For instance, relative percent difference (RPD) for each of the two 

duplicate samples was calculated. The relative percent difference for two measurements 

is the difference between the measurements, divided by the average of the measurements, 

multiplied by 100 (Brettel and Lester, 2004). Considering samples #RA-1 and RA1-1 in 

table 24, the relative percent difference for PCB measurements is roughly 28.0%. 

Similarly and considering Table 25, the RPD for YK10 and YK10-1 is roughly 36.0%.  

Another important observation on Table 24 is that the concentration of total PCBs 

detected in the equipment blank collected at sediment sampling station #RA-4 for that 

day was far greater that the concentration of total PCBs detected in sediment sample 

#RA-4 at the same station. Since total PCBs concentration in the equipment blank for this 

location is greater than concentration of total PCBs in sediment sample from this same 

station, it appears that equipment decontamination procedures were not efficient at this 

location on that day. Cross contamination was suspected at this sediment sampling 

location. 
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Table 24: Summary of laboratory and other data for the Rappahannock watershed 
Sample ID Total  

PCBs,  
pg/g 

DEQ Sample pg/g (year) TOC,  
g/kg 

Particle  
size, %  
(silt+clay) 

DO, pH 

RA1 7.26  12.7 37.77 6.37 8.02 
RA1-1 12.9 Sample Duplicate 14.2 41.49   
RA4 8.47  21.9 75.41 1.68 7.21 
RA7 11.7  26.4 73.27 6.48 7.23 
RA10 80.5  31.4 81.9 5.8 7.27 
RA13 441 0 (2006) 21.9 56.22 7.23 7.24 
RA-14 803      
RA-15 265      
RA18 3120 .089 ppb    (1972)   

13,140        (2001)                  
0                 (2006) 

The first report (Wallmeyer, 1972)  
of  PCB-contaminated sediment in  
VA was found at this location:  
Route  663 bridge, Culpeper.  

RA20 41      
RA21 582      
RA22 5.78      
RA24 26.7      
RA25 1890      
       
 

 

Table 25: Summary of laboratory and  other data for the York watershed 
Sample  
ID 

Total  
PCBs,  
pg/g 

DEQ Sample 
pg/g (year) 

TOC,  
g/kg 

Particle size, %  
(silt+clay) 

DO, mg/l pH 

YK-1 173  ND (2000) 5.27 21.64 .35 7.53 
YK-2 133  8.86 40.03 1.65 7.67 
YK-4 72.2 1200 (2003) 14.1 53.45 2.68 7.46 
YK-6 1170 450 (2003) 38.4 61.68 2.56 7.27 
YK-10 56.6      
YK10-1  81.7      
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Sample  
ID 

Total  
PCBs,  
pg/g 

DEQ Sample 
pg/g (year) 

TOC,  
g/kg 

Particle size, %  
(silt+clay) 

DO, mg/l pH 

(Dup) 
YK-11 382 1230 (2003) 15.9 35.31 7.15 7.33 
YK-12 18.6 0  (2003) 13.5 21.81 6.54 6.84 
YK-17 39.9    8.5 7.2 
YK-19 51.4    6.5 6.3 
YK-24 30.8    7.3 6.5 
YK-25 53.2 311.4  (2009)   6.9 7.3 
LA1 2279.6  7.73 22.5   
LA2 244.4  3.96 23.1   
LA3 284.4  11 31.2   
LA4 134.4  8.59 47.6   
LA5 271  4.07 48.5   
LA7 1064  30.2 81.4   
LA8 264.9  6.98 54.8   
LA9 311.4  5.59 44.0   
 

 

Contaminant variability within sediment at the sampling stations is the most likely 

source of the relatively high RPD. In a recent USGS study of PCB-contaminated 

sediment in the Neponset River and Estuary of Eastern Massachusetts (Breault, 2011), 

the USGS reported RPD of PCB measurements in duplicate samples ranging from 26 to 

51%.  

In addition to contaminant variability within sediments, RPD is also a measure of 

the precision (i.e. agreement among two or more measurements) of the laboratory 

analytical process (Zhang, 2007). The method detection limit (MDL) reported by the 

laboratory was compared to the required MDL for U S EPA method 1668A. Carbon-13 

(13C) isotope was used as label for stock of selected PCB compounds (Erickson, 1997). 

Due to similarity in chemical composition, extraction, chromatographic signature, the 
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13C-labelled PCBs were used as surrogates. 13C-labelled PCB surrogates compounds 

were added or spiked into blanks, samples, and standards prior to extraction. The percent 

recovery of surrogates were used to assess the recovery of analytes of interest (unlabeled 

PCBs) through the extraction and cleanup and to monitor the extraction/cleanup 

performance. Also, known volume and concentrations of PCB stock solutions was spiked 

(fortified/added) to samples (matrix spike) before sample preparation. The matrix spike 

was extracted and analyzed along with other samples. Percent recovery of the spiked 

samples is an indication of the accuracy of the analytical method (Zhang, 2007). Spike 

and surrogate recoveries for this project were within acceptable limits for the chosen 

method. Improper instrument calibration can lead to or contribute to wrong answers/data. 

According to the quality control (QC) section of the laboratory report, initial and 

continuous calibration met acceptance criteria. Excerpts of verification records such as 

sample receipt, results from method blanks for each batch, signed qualifier definition 

report for each batch, surrogate recovery records, quality control spike recovery records 

were within method acceptable range.  

During this research, it was observed that the locations for a few samples were in 

the vicinity of previous VA-DEQ sample locations. Starting from left in both tables 24 

and 25, column 3 contains data for those samples that were collected at or near previous 

DEQ sample locations. For the Rappahannock River watershed data (see Table 24), 

Sample RA-18 had the largest concentration of total PCBs. RA-18 was collected from 

Mountain Run at the Route 663 bridge near Culpeper, Virginia. The first report 

(Wallmeyer, 1972) of PCB-contaminated sediment in the Commonwealth of Virginia 
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was found in a sediment sample collected from Mountain Run at the Route 663 bridge. 

From 1972 to now, Mountain Run at Route 663 in Culpeper has been sampled on at least 

4 separate occasions. For the York River watershed, sample YK-6 (see Table 25) had the 

largest concentrations of total PCBs. Location of sample YK-6 was roughly 100 feet 

downstream from Route 30/33 bridge at West Point, Virginia. In a 2003 sediment 

sampling study (http://www.vdeq.virginia.gov, 2011), one sample from upstream of the 

Route 30 bridge (near sample YK-6 of this study) contained 450 ng/g. Also in Table 25, 

the last nine (8) sets of sediment sample data starting from row 15 (e.g. ID# LA1, 

LA2…LA8) came from the 2009 Lake Anna PCB Sediment Sampling project (personal 

communication with Gregory Steele of USACE, 2010). The set of data was used in the 

risk assessment section of this study. Finally, tables 26 and  27 contain analytical results 

for PCB homologues in samples from each watershed. Total PCBs for each sample 

shown in tables 24 and 25 is the sum of the concentrations of homologues in each sample 

in tables 26 and 27. In both tables 26 and 27, MonoCB stands for monochlorobiphenyls, 

DiCB is dichlorobiphenyls, TriCB is for trichlorobiphenyls, TetraCB equals 

tetrachlorobiphenyls, pentaCB stands for pentachlorobiphenyls; HexaCB is shortcut for 

hexachlorobiphenyls, HeptaCB equals heptachlorobiphenyls, OctaCB is equivalent to 

octachlorobiphenyls, NonaCB stands for nonachlorobiphenyls, and decaCB is 

decachlorobiphenyls. The frequencies or the number of times each homologue was 

detected is also shown in both tables. In tables 26 and 27, numbers in parentheses are the 

frequencies for each group of homolog. For example, total tetrachlorobiphenyls, 

pentachlorobiphenyls and hexachlorobiphenyls were detected 12 times in the York River 

http://www.vdeq.virginia.gov/�
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watershed (table 26). In Table 27, pentachlorobiphenyls, tetrachloorobiphenyls, and 

hexachlorobiphenyls each has a frequency of 14, 13 and 10 respectively. Statistical 

summaries and analyses of data in the above tables follow.  

 

Table 26: Results for PCB homologue for sediments from the York River watershed 
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Total MonoCB (1) 2.4                       

Total DiCB (0)                         

Total TriCB (2) 2.2     34                 

Total TetraCB (12) 20 8.5 6.2 233 12 23 44 4.7 5 6.9 4.4 5.8

Total  PentaCB (12) 35 35 28 411 16 19 72 5.1 18 15 5.8 21 

Total HexaCB (12) 73 63 34 358 20 23 155 8.8 17 27 19 24 

Total HeptaCB (10) 32 26 4.1 99 3.8 11 86     2.8 2.1 2.7

Total OctaCB (3) 2.6     26     18           

Total NonaCB (5) 2.1     5.6 2.8 3.2 3.4           

Total DecaCB (5) 4     2.9 2.8 3.1 2.7           
  

 

Table 27: Specific PCB Homolog data for Rappahannock River watershed 
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Total  
(13)  
TetraCB  

4.7 5.1  5.4 9 94 189 42 143 8.4 60 3.4 6.1 688 

Total  
(14)  
PentaCB  

2.6 5.2 5.55 6.4 39 175 169 93 1100 16 273 2.4 11 82 

Total  
(10)  
HexaCB  

  2.92  33 129 184 110 1450 17 211  9.8 37 

Total  (6)  
HeptaCB  

     31 107 20 321  30   17 

Total (3)  
OctaCB  

            36   78.2         3.2 

Total (5)  
NonaCB 

          3 9.9   20.7   3.5     2 

Total (6)  
DecaCB 

  2.6       3.6 8.2   6.49   4.7     2.4 
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RESULTS AND DISCUSSIONS 

Two broad types of environmental pollution studies are recognized (Gilbert, 

1987): environmental monitoring, and research. Virginia environmental monitoring has 

been done for many years by the VA-DEQ. The research in this report was designed to 

systematically sample river sediments and measure concentrations of PCBs. The result 

from chemical measurements of PCBs in these samples were collected to identify and 

quantify concentrations of PCBs in samples from river sediments, identify locations of 

hot spots or anomalous concentrations of PCBs in river sediments, determine impacts of 

land uses on sediment quality, and compare PCBs concentrations in selected watersheds. 

Attributes such as the concentrations of PCBs measured in sediment samples, dissolved 

oxygen concentration in surface water, are examples of statistical variables (Mckillup & 

Dyar, 2010). Since the concentration of total PCBs were the only variable measured in 

each sample, the set of data is said to be univariate. In statistics, scales used to measure 

variables include nominal, ordinal, and ratio scales. Given that laboratory instruments 

were calibrated and working properly, the obtained readings from gas chromatograms 

used to measure total PCBs concentrations in sediment samples are true indications of 

PCBs in the sediment samples. Zero and decimal PCBs concentration are acceptable, but 

negative concentrations of PCBs are not possible. Concentrations of total PCBs in 

sediment samples are examples of ratio scale data. Since whole numbers as well as 
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decimal concentrations of PCBs from zero and above are acceptable, the total PCB 

concentrations measured in sediment samples for this study are classified as continuous 

data.  

Each of the two watersheds is physically separated by a drainage divide (Davis 

and Cornwell, 1991). The drainage divide separates watersheds, and under the influence 

of topographic gradient, surface runoff independently transports sediments and pollutants 

away from the drainage divide and into each river system. Sediment samples from each 

watershed are considered as independent samples. A combination of personal computers, 

and software such as Minitab, Microsoft Excel and SAS were used for statistical analyses 

of the data. 

Numerical Descriptions 

Descriptive statistical summaries for the concentrations of total PCBs measured in 

sediment samples from both the Rappahannock and York watersheds are tabulated as in 

table 28. Fifteen sediment samples were collected from the Rappahannock watershed, 

and twenty sediment samples were collected from the York River watershed. Total PCB 

was detected above laboratory detection limits in each sediment sample from both river 

basins. From a representative sediment sampling standpoint, detecting total PCBs in 

every sample suggests that PCBs are most likely in all depositional zones in streambed 

sediments in both watersheds. The sample mean is an indirect measure of the population 

mean. It is also a commonly used description of the central value for the distribution of a 

set of data (Reimann B., Filzmoser P., Garrett R., and Dutter R., 2008). Sample mean can 
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also be visualized on a horizontal line as the center of gravity for the frequency 

distribution histogram (Delorme, A. nd).  

 

Table 28: Descriptive statistics of total PCBs for the Rappahannock and York River 
watersheds 
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Rappahannock watershed 
York  watershed 

RA1 7.26 -0.55 YK-1 173 -0.33 

RA1-1 12.9 -0.54 YK-2 133 -0.4 

RA4 8.47 -0.54 YK6 1170 1.48 

RA7 11.7 -0.54 YK-10 56.6 -0.54 

RA10 80.5 -0.46 YK10- 81.7 -0.5 

RA13 441 -0.06 YK11 382 0.05 

RA14 803 0.35 YK-12 18.6 -0.61 

RA15 265 -0.25 YK17 39.9 -0.57 

RA18 3120 2.97 YK-19 51.4 -0.55 

RA20 41 -0.51 YK-24 30.8 -0.59 

RA21 582 0.1 YK-25 53.2 -0.55 

RA22 5.78 -0.55 LA1 2279.6 3.49 

RA24 26.7 -0.52 LA2 244.4 -0.2 

RA25 1890 1.58 LA3 284.4 -0.13 
      LA4 134.4 -0.4 

   LA5 271 -0.15 
      LA7 1064 1.28 

   LA8 264.9 -0.16 
      LA9 311.4 -0.08 

      
n = 14     n =20  

minimum = 5.78  minimum = 18.6  

maximum =  3120 
  

maximum = 2279.6 

Mean = 521.09  Mean = 355.83  
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Median = 60.75   Median = 153.7 

Stand. Dev. = 909.88 Stand. Dev. = 551.63 

Range = 3114.22   Range = 2261 

Variance = 783528.95 Variance = 304294.56 

Q1 = 10.89   Q1 = 54.9 

Q2 = 60.75  Q2 = 153.7  

Q3 = 637.25   Q3 = 304.65 

IQR = 626.36  IQR= 250.6  

 

Each set of data contains at least two extreme values (highlighted red). When 

extreme values are present in a set of data, the sample mean is a biased estimator of the 

central value. The presence of such high values has strong influence on the sample mean 

(Reimann et al, 2008). For both data sets, the difference between values for the sample 

means are roughly 134 pg/g total PCBs. In addition to the sample mean, the median is 

also another descriptor of the central tendency of a set of data (Freund R., Mohr D., and 

Wilson W., 2010). When each set of data is arranged from lowest to highest, the middle 

value for odd-numbered data set or the average of the middle two values for even-

numbered data is the median. Unlike the sample mean, the sample median is not sensitive 

to extreme data value. For skewed distributions, the median tends to be an appropriate 

measure of location. For this study, median total PCBs for both sets of data (see table 28) 

differ by a factor of about 100 pg/g. 

Prior to selecting inferential statistical methods of analyses, it is appropriate to 

properly describe the spread or dispersion of the data about the mean . For a more 

meaningful understanding and interpretation of a set of data, the U.S. EPA (2006) 

suggested that measures of central tendency should be followed by measures of 
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dispersion of values about the mean. The range, variance, sample standard deviation, 

variance, and the interquartile range are used to describe dispersion of a data set. For 

visualization purpose, the range can be defined as the spread of all values for total PCBs 

in each data set (Witmer, 2003). It is the difference between the largest and the smallest 

data values. The standard deviation of total PCB concentrations in sediment samples is a 

measure of the dispersion about the mean of total PCBs in each data set. In other words 

and since the average of the squared deviations of the individual values from the mean is 

used to compute the standard deviations, the standard deviation describes the average 

spread of data around the mean. Since extreme values are in each data set and similar to 

the sample mean, the sample standard deviation is also a biased measure of the spread of 

the data about the mean. A small standard deviation is an indication that the data is 

clustered around the mean, and a large standard deviation means the data is scattered 

farther away from the mean. If the distribution of the data is not normal, then the standard 

deviation is not a meaningful measure of the data spread (Reimann et al, 2008). Another 

measure of variability in a data set that is related to the standard deviation is called 

variance.  

The sample variance is calculated by squaring the sample standard deviation. In 

other words, the standard deviation is the square root of the sample variance. The 

variance of total PCBs measured in sediment samples from Rappahannock River (see 

table 28) is 2.6 times greater than the variance of total PCBs from the York River 

sediment samples. The ratio of the variances is nearly 3 to 1. The Rappahannock River 

data set appears to have more variability than the York River data. The z-score or 
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standardized value is a measure of how far (measured in standard deviation units) each 

individual value is from the sample mean. The z-score is also an indication of dispersion. 

The z-score for each individual value is obtained by subtracting the sample mean from 

each individual value, and then dividing the difference by the sample standard deviation 

(Anderson D., Sweetney, D., Williams T., 1991). It is important to point out that those 

samples with negative z-scores have values less than the sample means, and those with 

positive z-scores have values greater that the sample means. Finally and for a discussion 

of data dispersion, quartiles (Q) are used to divide an ordered data distribution into four 

equal parts. The first quartile or Q1 is the division between the lower first quarter of the 

ordered data and the upper third quarter of the data; or 25 % of the data is below Q1 and 

75% is above Q1. The second quartile or Q2 is actually the median or data occupying the 

middle position. The third quartile or Q3 divides the data such that 75% of the data is 

below Q3 and the upper 25% is above Q3. The interquartile range (IQR) is the difference 

between the first quartile and the third quartile. The IQR describes the middle 50% of the 

data. Antweiler and Taylor (2008) of the United States Geological Survey used the mean, 

standard deviation, median, Q1, Q3, and IQR to similarly describe a set of environmental 

measurements. 

Graphical Summary 
Visual understanding of a set of data is easier when the data is arranged into 

classes and the frequency of each class is plotted to generate histograms. Details 

regarding the “how to” of histograms construction can be found in Snedecor & Cochran 

(1989), Ott (1995), and other texts on the subject of statistics. Histograms and other 
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graphical techniques are used to elucidate and understand the distribution of geochemical 

and environmental data. Once the distribution is succinctly understood, inferential 

statistical methods can then be selected for additional analyses. Figure 48 is a Minitab 

generated frequency histogram with the normal probability distribution (Minitab, 2010) 

curve superimposed on the histogram. Filzmoser et al (2009) used similar graphical 

techniques including box plots in the investigation of Si02 distribution in subsoils from 

selected regions, and Lakshmann D., Howell N., and Rifai H. (2010) investigated PCB 

homologues in sediment, water and fish tissue using the same technique. The histogram 

and normal curve shown in figure 48 are positively skewed with a right tail. In other 

words, the median (154.0) is located to the left of the chart and closer to zero than 500; 

and, the mean is located to the right and closer to 500. If the distribution is symmetric, 

then the skewness would be zero. A negative skewness means the tail of the distribution 

is pointing to the left. The positive or right-skewness of total PCBs is consistent with 

observations made by Reimann et al (2008). Geochemical and environmental science 

data are often positively-skewed strongly. Similarly, Martinez A., Nostrom K., Wang K., 

and Hornbuckle K (2010) reported positively right skewed distribution of total PCBs 

detected in surficial sediments samples from Indiana Harbor and Ship Canal in Lake 

Michigan. Another description of the set of data provided in figure 49 is Kurtosis. 

Kurtosis is another name for curvature (Sheskin, 2011). It is a measure of the sharpness 

or how broad the peak of the normal curve is with respect to the standard deviation. 
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Figure 49: Descriptive statistical summary of total PCBs for the York River 
watershed 
 

A most common rationale for measuring kurtosis is for the determination as to 

whether or not a set of data is derived from a normally distributed population. A normal 

curve with sharp peak has a kurtosis of about three. A broader peak normal curve is 

usually less than 3 and values in excess of 3 are considered extreme (Brown,  2011). The 

Center for Disease Control (CDC, 2011) observed that kurtosis for a normal distribution 

that is in excess of three is an indication of excess values close to the mean and at the tail 
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of the distribution. Since kurtosis is a specific description intended for a Gaussian or bell-

shaped distribution and the data set for this study is skewed, it is the opinion of this study 

that values for kurtosis are most likely inaccurate description. Similarly, figure 50 is a 

graph of total PCBs measured in sediment samples from the Rappahannock River 

watershed. The observation that both data sets are positively-skewed is an indication that 

total PCBs concentrations in sediment samples from both watersheds are not normally 

distributed. Few normality tests to ascertain normal distribution follow later in this 

section, but preliminary findings indicate that the data is not normally distributed. 

Distribution free or non-parametric statistical tests are anticipated at this point.  
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Figure 50: Descriptive statistical summary of total PCBs for the Rappahannock 
River watershed 
 

In both figures 49 and 50, the middle rectangular-shaped diagram with a 

horizontal line attached is called a box-and-whisker plot (Barnett, 2004). Box-and-

whisker plot is a graphical representation of the entire set of data for each watershed. Five 

measures are used to construct the box-and-whisker plot (Mann, 2007). First consider 

figure 48 above: the left end of the horizontal line located to the left of the rectangle or 

box is the value of the smallest number in the data set. The left vertical end of the box is 

Q1 or the first quartile as explained above. The vertical line in the interior of the box is 
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the median or Q2 as already defined. The right end of the box represents Q3 as discussed. 

The beginning and the end of the box represents interquartile range or IQR. The smallest 

values in the data set is at the left end of the horizontal lines attached the left of the box; 

and, the end of the horizontal line attached to the right of the box is one of the largest 

values in the data set. Each of the three asterisks located to the far right of the box are 

extreme values or outliers. The importance of outliers in a data set is that outliers tends to 

shift or influence the sample mean away from the “hump” or symmetric middle point of 

the data distribution ( the normal curve) and toward high values in the “tail” of the 

distribution.  
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Figure 51: Statistical summaries of total PCBs (ppb) from 2005 DEQ's James River 
sediment data 
 

The Rappahannock and York watersheds are sandwiched between the James 

River watershed to the south and Potomac River watershed to the north. This study used 

the same graphical techniques described above and investigated dispersion and 

distribution of historical PCB concentrations data presented in the Historical Data section 

of the research. This and subsequent comparisons are based on the assumption that 

methods of chemical analyses and QA/QC used by VA-DEQ to generate the James River 

2005 and Potomac River 2004 measurements of total PCBs concentrations in sediment, 

are the same or similar to those used in this study. Figures 51 and 52 are graphical and 



237 
 

statistical summaries for total PCB concentrations detected in samples of sediments from 

the 2005 James River watershed and 2004 Potomac River watershed sampling events 

respectively. The distribution of total PCB concentrations for both the James and 

Potomac watersheds are positively skewed similar to total PCBs data from the 

Rappahannock and York watersheds. Skewness shown in both data sets is an indication 

that the distribution of the Potomac and James River data are not from a normally 

distributed population. The median, minimum and the first quartile for total PCBs 

detected in the James River data are zero.  
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Figure 52: Statistical summaries of total PCBs (ppb) from the 2004 DEQ's Potomac 
River sediment data 
  

In order the compare the standard deviations, the means and other values in the 

James and Potomac total PCB concentration data, it is important to point out that 

concentrations for total PCBs detected in sediment samples from the James and Potomac 

are measured in parts per billion or ppb. Since 1 Pico gram per gram (pg/g) is equivalent 

to .001 ppb, 2.83 ppb which is the third quartile for the James River total PCB data (see 

figure 51 above) is equivalent to 2830 pg/g. Similarly, the mean total PCB concentration 

of 82.19 ppb in the James River data is roughly 82,190 pg/g. The standard deviation for 
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the James River data is 138.98 ppb or roughly 138,980 pg/g. In comparison, the mean 

and standard deviation for total PCB measured in the 2005 James River sediment samples 

are by far higher than the combined means and standard deviation of total PCBs for 

Rappahannock and York River data for this study. In fact, the average total PCBs for the 

2005 James River sediment data and the combined average total PCBs for the 

Rappahannock and York data for this study are in a ratio of 97 to 1. Average total PCB 

concentrations in sediment samples for the 2004 Potomac River sediment data is roughly 

41,210 pg/g. In comparison with average total PCBs concentrations measured in 

sediment samples for the 2004 Potomac River, the combined average total PCBs (846 

pg/g) for both the Rappahannock and York River sediment data for this study is in a ratio 

of 47 to 1. Average concentrations of total PCBs for the four watersheds presented in the 

Historical Data section of this dissertation were used to generate a pie chart as shown in 

figure 53. The set of data used to generate this pie chart is for the period 2001 to 2005. 

Figure 53 shows percentages or relative frequency multiplied by 100 (Mann, 2007) of 

average total PCB distribution for selected watersheds as shown. The James and Potomac 

watersheds accounted for roughly 91% of total PCBs detected in sediment samples from 

those locations and for the period 2001 to 2005. Since it has been shown that the 

distribution of total PCB concentrations for sediment samples from the Rappahannock 

and York watersheds are positively skewed, formal tests to ascertain normal distribution 

of the data follow. 
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Figure 53: Average total PCB concentrations (ppb) in sediment samples from the 
James, Potomac, Rappahannock and York watersheds 
 

Normality Tests 
Delorme (2011) observed that probability theory is the foundation of all statistical 

methodology. He warned that misunderstanding and violation of underlying probability 

distribution, and application of inferential methods based on probability distribution will 

lead to misleading and irrational conclusions. Vickers(2005) added that of the two 

categories of statistical test methods, parametric test methods are based on or assume that 

the samples are drawn from a population that is normally distributed; or is from a specific 
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probability distribution. Unlike the parametric test methods, the non-parametric test 

methods are distribution free. In other words, non-parametric statistical methods are not 

based on any specific underlying distributions. Prior to selecting and applying inferential 

statistical methods of analyses, this study decided to test each data set (i.e. total PCBs 

found in sediment samples from Rappahannock River & York River watersheds) for 

normality (Thode, 2002). The first test to ascertain whether or not total PCB 

concentrations found in sediment samples from each watershed is normally distributed is 

the Anderson-Darling test for normality. Procedures and rationale for the Anderson-

Darling normality test can be found in Thode (2002). According to Snedecor and 

Cochran (1989), the Anderson-Darling statistics for the upper .05 percentile for sample of 

size n is approximated by: 

A2
n, .05 = .7514(1-.795n-1 - .89n-2)  

Equation 7 
Where n is the sample size or number of sample, and A2 is the Anderson-Darling 

statistics. If the calculated A2 using equation 7 is greater than A2 from a cumulative 

normal distribution table (critical value), then the population is not normally distributed. 

When using Minitab to create figures 49 to 52, Minitab automatically performed the 

Anderson-Darling test by calculating A2 and providing a p-value. For each set of data and 

since A2 is greater than the p-value, it is concluded that total PCB concentrations 

measured in sediment samples from each watershed are not from a normally distributed 

population.  

In addition to the aforementioned normality tests, this study sought the opinion of 

a GMU mathematical statistician, Timothy Keller, Ph. D. (personal communication, 
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2011). Dr. Keller suggested to perform log-transformation of each set of watershed data 

first; and then, perform quartile-quartile (QQ) plot (Reimann et al, 2008). A QQ-plot is a 

scatter plot with a fitted straight line (see figure 54). For a normally distributed set of 

data, all points should fall on a straight line and the straight line should go through the 

origin. Shumway R., Azari R., and Masoud K  (2002) discussed statistical methods for 

toxic pollutants in water using small samples that are not normally distributed. They 

observed that log-transformed parameters such as means and variances are not linearly 

related to the means and variances of the original untransformed data. The process of 

transforming back often results in estimators that are severely biased. Since the sample 

sizes are small and even if all log-transformed points fell on a straight line, Dr. Keller 

also warned of the high likelihood of biased leading to Type-II error. A type-II error is to 

accept the null hypothesis when it is false.  

Two relevant and crucial examples of Type-II error based on training and 

experience follow. First assume that the U.S. EPA (1998) was performing compliance 

evaluation and sampling inspections for a very large PCBs-hazardous waste site (i.e. 

RCRA site). For statistical analyses, sediment and water samples from stormwater ponds, 

drainage ditches, and groundwater samples were collected and chemically analyzed. The 

null hypothesis (Ho) would be: the RCRA site is in compliance with hazardous waste 

regulations; and, an alternate hypothesis (Ha) would be: the RCRA site is not in 

compliance. In this case, a statistical Type-II error would be to agree that the RCRA site 

is in compliance when it is not. A second example specific to this research follow. 

Assuming that the null (Ho) hypothesis is that the distribution of total PCBs in each 
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watershed follows a normal distribution; a Type-II error would then be to agree that the 

total PCB concentrations in both watersheds are normally distributed when they are not. 

In a discussion of “Type-II Statistical Errors in Environmental Science and the 

Precautionary Principle”, Buhl-Mortensen (1996) observed that as the risk of committing 

a Type-II error increases, the power of a data set decreases.  

  

Figure 54: Quartile-Quartile plot of log-transformed total PCBs in sediment 
samples from York River watershed 
 

Buhl-Mortensen concluded that environmental scientists have ethical obligation to 

minimize Type-II error. The first step was to order the data and take the log of each 

value. Plot the quartile of the log-transformed data (i.e. log of total PCBs or LP as shown 

in figure 54) against quartile of an assumed distribution (i.e. normal distribution in this 

case). If the data set is normally distributed, then all points should fall on a straight line 
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that goes through the origin. This study decided to perform a final normality test using 

the QQ-plot method. SAS statistical software was used to generate QQ-plot as shown in 

figures 53 and 54.  

 

 

Figure 55: Quartile-Quartile plot of log-transformed total PCBs in sediments from 
the Rappahannock River watershed 
 

For both figures 54 and 55, the points do not fall on a straight line neither does 

either line intersect or pass through the origin. Based on observations and interpretations 

from the QQ-plot, results from Anderson-Darling tests and histograms with normal 

curves superimposed, it is concluded that concentrations of total PCBs measured in 

sediment samples from both the Rappahannock and York watersheds are not normally 
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distributed. Vickers (2005) discussed parametric versus non-parametric statistical 

analysis of non-normally distributed data. He argued that the selection of parametric 

versus non-parametric statistical tests must be based on the relative rates of Type-I or 

Type II errors. For data from a normally distributed population, the parametric t-test is 

recommended; however, for data from non-normally distributed population as is the case 

with concentrations of total PCBs from both watersheds, non-parametric statistical tests 

appear to have lower rate of Type-II error. Based on the aforementioned and the lack of 

normal distribution, parametric statistical test methods were eliminated from further 

considerations. 

Inferential Statistics 
One crucial question that this research was designed to answer was: is there a 

statistically significant difference between the concentrations of total PCBs in sediments 

in the Rappahannock and sediments in the York watersheds? For normal distribution, the 

t-test would be the appropriate statistical test to compare the means of the populations of 

total PCBs in both watersheds (EPA, 2006). Since the total number of sediment samples 

from each watershed is small (i.e. less than 30 samples) and results from normality tests 

suggest that concentrations of total PCBs from both watersheds are not normally 

distributed, non-parametric statistical methods were selected for inferential analyses. 

Application of nonparametric statistics to water quality and PCB investigations are well 

documented. For instance, The USGS ( Phillips & Hancha, 1996) applied Mann-

Whitney-Wilcoxon, as well as the Kruskal-Wallis non-parametric tests to the 

investigation of pesticides and organic compounds in the Hudson River basin of New 
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York. Similarly, Leigh et al (2006) used Kruskal-Wallis, and Mann-Whitney and 

Wilcoxon tests to investigate PCB contaminated site. The Mann-Whitney-Wilcoxon non-

parametric statistical test was selected and applied to the comparison of the population of 

total PCBs in the Rappahannock and York River basins. Procedures for both Mann-

Whitney-Wilcoxon and Kruskal-Wallis can be found in Sheskin (2011); and, Anderson et 

al (1991).  

Mann-Whitney-Wilcoxon Test 

Application of the Mann-Whitney-Wilcoxon non-parametric statistical test 

follows. In Table 29 and starting from left with the first column headed sample ID, 

sediment sample ID numbers and their corresponding total PCB concentrations from both 

the Rappahannock and York River watersheds were merged (see columns 1 and 2 starting 

from left in Table 29). All sediment samples from the Rappahannock River watershed are 

number starting with initial letters RA for Rappahannock; and, sediment samples from 

the York River watershed are numbered starting with initial letter YK for York. Those 

sediment samples which are labeled with alphanumeric from LA1-LA9 are from the Lake 

Anna area. Lake Anna is a subwatershed of the York River Basin. There are 14 sediment 

samples from the Rappahannock watershed and 20 sediment samples from the York 

River watershed. Microsoft Excel was used to rank the combined set of data from lowest 

to largest as shown in columns three and four of Table 29. Since the total number of 

sediment sample for each watershed is greater than 10, the large sample case for the 

Mann-Whitney-Wilcoxon test (Anderson et al, 1991) was used in Excel to compare the 

populations of total PCBs from the Rappahannock and York watersheds. The level of 
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significance (that is alpha or α) for the statistical comparison was set at .05 which 

corresponds to 95% confidence level. The critical values for α at .05 from table are +1.96 

and -1.96.  

  

Table 29: Combined and ranked total PCB Concentrations for the York and 
Rappahannock River Watersheds 

Sample  
ID 

 PCBs, pg/g Sample ID PCBs,  
pg/g 

Rank 

RA1 7.26 RA22 5.78 1 

RA1-1 12.9 RA1 7.26 2 

RA4 8.47 RA4 8.47 3 

RA7 11.7 RA7 11.7 4 

RA10 80.5 RA1-1 12.9 5 

RA13 441 YK-12 18.6 6 

RA-14 803 RA24 26.7 7 

RA-15 265 YK-24 30.8 8 

RA18 3120 YK-17 39.9 9 

RA20 41 RA20 41 10 

RA21 582 YK-19 51.4 11 

RA22 5.78 YK-25 53.2 12 

RA24 26.7 YK-10 56.6 13 

RA25 1890 YK-4 72.2 14 

YK-1 173 RA10 80.5 15 

YK-2 133 YK10-1  81.7 16 

YK-4 72.2 YK-2 133 17 

YK-6 1170 LA4 134.4 18 

YK-10 56.6 YK-1 173 19 

YK10-1  81.7 LA2 244.4 20 

YK-11 382 LA8 264.9 21 

YK-12 18.6 RA-15 265 22 

YK-17 39.9 LA5 271 23 

YK-19 51.4 LA3 284.4 24 

YK-24 30.8 LA9 311.4 25 
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YK-25 53.2 YK-11 382 26 

LA1 2279.6 RA13 441 27 

LA2 244.4 RA21 582 28 

LA3 284.4 RA-14 803 29 

LA4 134.4 LA7 1064 30 

LA5 271 YK-6 1170 31 

LA7 1064 RA25 1890 32 

LA8 264.9 LA1 2279.6 33 

LA9 311.4 RA18 3120 34 

  

 

Table 30:  Total PCBs for both watersheds showing ranked sum for the Mann-
Whitney-Wilcoxon non-parametric test 
Sample ID PCBs, pg/g Rank Sample ID PCBs, pg/g Rank 

YK-1 173 19 RA1 7.26 2 
YK-2 133 17 RA1-1 12.9 5 
YK4 72.2 14 RA4 8.47 3 
YK-6 1170 31 RA7 11.7 4 

YK-10 56.6 13 RA10 80.5 15 
YK10-1  81.7 16 RA13 441 27 
YK-11 382 26 RA-14 803 29 
YK-12 18.6 6 RA-15 265 22 
YK-17 39.9 9 RA18 3120 34 
YK-19 51.4 11 RA20 41 10 
YK-24 30.8 8 RA21 582 28 
YK-25 53.2 12 RA22 5.78 1 
LA1 2279.6 33 RA24 26.7 7 
LA2 244.4 20 RA25 1890 32 
LA3 284.4 24    
LA4 134.4 18  Rank sum = T2  = 219 
LA5 271 23  n2  =  14  
LA7 1064 30    
LA8 264.9 21    
LA9 311.4 25    

N1 = 20 Rank sum =  376 =T1    
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The combined and ranked set of data shown in Table 29 was separated with the 

group-rank for each data point in Table 30 carried over and summed as Table 30. The 

sum of the rank for each watershed is designated as T1 and T2 respectively. For identical 

population testing using the Mann-Whitney-Wilcoxon test, sampling distribution for the 

population is given by (Anderson et al, 1991): 

µT = 1/2n1(n1 + n2 + 1)  

Equation 8 
where µT is the sampling distribution of the population mean, n1 and n2 are the 

total number of samples or sample sizes. Similarly, sampling distribution of the 

population standard deviation (σT) is given by: 

σT = {1/12n1n2(n1 + n2 + 1)}1/2  

Equation 9 
The null and alternative hypotheses and other decision criteria follow. 

null hypothesis Ho: the population of total PCBs in both watersheds are identical;  

alternative hypothesis Ha: the population of total PCBs are not identical; 

if z < -1.96 or z > 1.96, then reject Ho and conclude that the population of total 

PCBs are not identical. 

Equation 8 and values in Table 30 were used to calculate the sampling distribution of the 

population mean (µT) as 350; and equation 9 and values for n1 and n2 in Table 30 were 

used to calculate a value of 28.58 for σT . The z-value for the sampling distribution is 

given by: 
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Z = (T - µT)/ σT.  

Equation 10 
Using equation 10 and proper substitutions for either T = T1 or T2, z values were 

found to be .910 which is less than 1.96 (for T1 = 376); and z = - 4.58 which is less than -

1.96 (for T2 = 219). Since values for z as calculated above are less than the critical values 

of -1.96 and 1.96, it is concluded that the population of total PCBs concentrations found 

in sediment samples from the Rappahannock and York River watershed are not identical. 

Considering figures 49 and 50 above, the mean total PCB concentrations found in 

sediment samples from the Rappahannock watershed is 1.5 times higher than mean total 

PCBs concentrations detected in sediment samples from the York watershed. Similarly, 

the variance for total PCB concentrations found in sediment samples from the 

Rappahannock is 2.7 times higher than the variance for total PCB concentrations found in 

sediment samples from the York River watershed.  

Levene’s Test for Equality of Variance 

Since conclusion from the above Mann-Whitney-Wilcoxon test indicates that the 

populations of total PCBs concentrations in both the Rappahannock and York watersheds 

are not identical, is that also true for their variances? In other words, is there a statistically 

significant difference between the variances of total PCBs detected in sediment samples 

from Rappahannock and York watersheds? Are the variances of total PCBs 

homogeneous? Test for the equality of variances is the appropriate statistical test 

(Reimann et all, 2008). The analysis of variance (ANOVA) test is based on normal 

distribution theory, and importantly, equality of variance assumption. When data sets 
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indicate deviation from normality, the Levene’s test of equal (homogeneity of) variance 

is applicable to verify equality of variance. 
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Figure 56: Levene's Test of Equal Variances for total PCB concentrations for both 
Rappahannock and York watersheds 
 

Procedures and details for the Levene’s test for homogeneity of variance can be 

found in Handbook of Parametric and Nonparametric Statistical Procedures (Sheskins, 

2011, P. 926-28); and Statistical Methods (Snedecor & Cochran, 1989, p.252-3). In 

summary, the Levene’s test computes the absolute deviation score which is the absolute 

value of the difference between a score and the group mean. Then, a between groups 
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single-factor analysis of variance is performed to evaluate the null hypothesis of equality 

of the two group means. Total PCB concentrations for both watersheds were loaded into 

Minitab version 16 software and stacked. The null and alternative hypotheses for the 

equality of variances follow. The level of significance for the test is set at .05. 

Ho: Variances for total PCB concentrations detected in sediment samples from the 

Rappahannock and York watersheds are equal. 

Ha: Variances for total PCB concentrations detected in sediment samples from the 

Rappahannock and York watersheds are not equal. 

Figure 56 above is a Minitab output from the Levene’s test for equality of 

variance as performed on total PCB concentrations for sediment samples from both 

watersheds. The software automatically performed the F-test which is for normal 

distribution. The beginning and end of each horizontal line in the upper portion of figure 

55 is the confidence interval of the standard deviation for each data set. The dot on each 

horizontal line in figure 56 is a plot of the standard deviation for the data. Since the p-

value of .373 for the Levene’s test of equality of variances is higher than the specified 

level of significance (i.e. .05), the null hypothesis is accepted. In other words and for total 

PCB concentrations measured in sediment samples from both the Rappahannock and 

York watersheds, the variances are homogeneous. This conclusion supports the Mann-

Whitney-Wilcoxon test performed earlier. 

Kruskal-Wallis Test 
The next question to investigate involves comparing the York and Rappahannock 

watersheds to two other adjacent watersheds. Is there a statistically significant difference 
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among total PCB concentrations found in sediments in the Rappahannock, York, 

Potomac and James River watersheds? Analysis of variance (ANOVA) is appropriate for 

multiple comparisons of populations when the data sets are normally distributed and the 

variances are the same (Mckillup and Dyar, 2010). Graphical and normality tests revealed 

that the set of data in this study is not normally distributed; and, neither do they have 

equal variances. The Kruskal-Wallis test is a non-parametric equivalent of the parametric 

analysis of the variance. As an extension of the Mann-Whitney test, the Kruskal-Wallis 

test is appropriate for the comparisons of three or more group of populations or factors 

(k). The test was designed to be sensitive to differences among the means of the 

populations (Conover, 1980). Procedures for the Kruskal-Wallis test can be found in 

Dowdy S., Weardon S., Cacia D. (2004), and Gilbert (1987). Application of the Kruskal-

Wallis to water quality, and specifically to PCB investigation is also well documented. 

For instance, Leigh et al, (2006) used the Mann-Whitney-Wilcoxon and the Kruskal-

Wallis test to investigate several independent samples at a PCB-contaminated site. The 

United States Geological Survey (Lopes and Furlong, 2001) applied the Kruskal-Wallis 

test to data from an investigation of semivolatiles organic compounds, PAHs and PCBs in 

selected streambed sediments in the United States. 

For this study and using historical data in tables 4and 5, SAS computer software 

was used to apply the Kruskal-Wallis test. The level of significance for this test is .05 or 

95% confidence level. The total number of factors or group of samples (i.e. number of 

watersheds) is 4. The Kruskal-Wallis test statistics (H) is given by (Dowdy et al 2004): 
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H = n[Σ(Ri – ((N + 1)/2)2]/N(N + 1)/12  

Equation 11 
Where H is the Kruskal-Wallis test statistics, Ri is the sum of the ranks among 

sample averages, and N equals total number of samples. Total PCBs concentrations from 

the Rappahannock, York, Potomac, and James River watersheds were merged, sorted in 

increasing magnitude and ranked. The lowest value was assigned a rank of 1, the second 

lowest values was ranked 2 and so on. For identical population (i.e. null hypothesis), the 

sampling distribution of H is approximated by the Chi-square distribution. For K = 4 

watersheds, the degree of freedom (df) is given by k-1 which is 3. Alpha (α) or the level 

of significance is .05; for alpha = .05 and a df of 3, the critical chi-square value from 

statistical table is 7.378. Decision rule for the Kruskal-Wallis test follows. 

Ho: PCB concentrations in all 4 watersheds are identical, 

Ha: PCB concentrations in all 4 watersheds are not identical.  

If H as calculated using equation 11 is greater than 7.378, then reject the null 

hypothesis that the populations are identical; if not, then the populations are identical. 

Results from the SAS calculation revealed that H is 9.768. Based on the decision rule 

above, it is concluded that the population of total PCB concentrations in sediment 

samples for the 2004 Potomac, 2005 James 2003 York and 2001 Rappahannock Rivers 

are not identical. This conclusion is consistent with results from the Mann-Whitney-

Wilcoxon analysis. It also appears to support figures 53, 51, and 52. In figure 53, the 

James and Potomac River watersheds respectively accounted for 61% and 30% of total 

PCBs in sediment. Figures 51 and 52 shows that the mean total PCB concentrations in the 

2005 James River data is two times higher than the mean total PCB for the 2004 Potomac 
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River watershed data. Similarly, the variance of total PCBs for the 2005 James River data 

is roughly 6 times higher than the variance of total PCB for the 2004 Potomac River data. 

The variance and mean of total PCBs for the 2001 Rappahannock River watershed data 

are 135.4 and 6.56 respectively; and the variance and mean total PCBs for the 2003 York 

River watershed data are 181 and 4.85 each. 

 PCB Homologues Statistics 

Each PCB congener consists of ten PCB homologues. Is there a statistically 

significant difference or a relationship between PCB homologues found in the York and 

Rappahannock River watersheds? Berthouex and Hunter (1981) presented statistical 

methods for interpreting environmental data. It was suggested that graphical displace of 

environmental data can clearly focus relationship among variables. For instance, 

graphical plots can show monotonic increase or decrease in values for certain variables. 

Monotonic increase or decrease is a rational for correlation analysis. Tables 31 and 32 are 

PCB homologues distributions measured in sediment samples from the Rappahannock 

and York River watersheds. One apparent similarity between both tables is that higher 

chlorinated (i.e. 7 to 10 chlorines) PCB homologues were detected over 5 to 6 times in 

each watershed; and, tetra-, penta- and hexachlorobiphenyls were consistently detected in 

every sediment samples from the York River watershed. Unlike the York River 

watershed, only pentachlorobiphenyl was consistently detected in every sediment 

samples from the Rappahannock River watershed. Similarly and except for sediment 

sample #RA4, tetrachloorobiphenyls was detected in nearly every sediment samples from 

the Rappahannock watershed. In order to look for monotonic increase or decrease and 
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other relationships among PCB homologues, this study follows procedures used by 

Lakshmanan et al, (2010) to investigate PCB-contaminated sediments in the Houston 

Shipping Channel. PCB homologues were divided into lower chlorinated biphenyls or 

CB (i.e. monoCB, DiCB and  

  

Table 31:  PCB Homologues detected in sediment samples from the York River 
watershed 
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Total PentaCB 35 35 28 411 16 19 72 5.1 18 15 5.8 21
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Total OctaCB 2.6     26     18           
Total NonaCB 2.1     5.6 2.8 3.2 3.4           
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Table 32: PCB Homologues detected in sediment samples from the Rappahannock 
River watershed 
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Total  
MonoCB 2.4                       

Total DiCB                         
Total TriCB 2.2     34                 
Total  
TetraCB 20 8.5 6.2 233 12 23 44 4.7 5 6.9 4.4 5.8

Total  
PentaCB 35 35 28 411 16 19 72 5.1 18 15 5.8 21

Total  
HexaCB 73 63 34 358 20 23 155 8.8 17 27 19 24

Total  
HeptaCB 32 26 4.1 99 3.8 11 86     2.8 2.1 2.7

Total  
OctaCB 2.6     26     18           

Total  
NonaCB 2.1     5.6 2.8 3.2 3.4           

Total 
DecaCB 4     2.9 2.8 3.1 2.7           

  

TriCB), mid-level chlorination (tetraCB, PentaCB, HexaCB, HeptaCB), and 

higher chlorinated biphenyls. Figures 57 and 58 are pie charts showing percentages of 

each PCB homologues. One major difference between both pie charts is that total 

trichlorinated biphenyls (TriCB) make up 2% of the York River homologue data, 

whereas TriCB constitutes 14% of PCB homologues from Rappahannock River 

sediments. Similarly, four dominant PCB homologues: Tetra, Penta, Hexa, and 

Heptachlorobiphenyls accounted for 94% of all PCB homologues detected in sediment 

samples from the York River watershed. Unlike the York River watershed, Tri, tetra, 

Penta, and Hexachlorobiphenyls make up 89% of PCB homologues measured in 

sediment samples from the Rappahannock River watershed. 
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Figure 57:  Distributions of PCB homologues for the York River watershed, 2011 
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Figure 58: Figure 57: Distribution for the Rappahannock River watershed, 2011 
 

 A final general similarity between both pie charts is an apparent consistency of 

the relationship between the magnitudes or percentages of homologues: 

HexaCB>PentaCB>TetraCB>HeptaCB. Jayaraman et al (2009) observed similar 

relationships among PCB homologues studied at the New Bedford Harbor Superfund site 

in Massachusetts. The New Bedford Harbor study concluded that those dominant PCB 

homologues shown in figures 57 and 58 are also dominant components of industrial 

discharges of Aroclors 1254, 1242 and 1016. Bedard and May (1996) investigated PCBs-

contaminated sediments from Woods Pond near Pittsfield, Massachusetts. Roughly 70-
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90% of the PCB homologues detected in sediments samples from the Woods Pond study 

were penta-, hexa-, and heptachlorobiphenyls. Similarly, data from PCB-contaminated 

sediment investigation of Houston Shipping Channel (Lakshmanan et al, 2010) found 

tetra-, penta- and hexachlorobiphenyls as the dominant PCB homologues. They reported 

that 60% of total PCBs detected in all sediment samples (n=25 samples) consisted of 

tetra-, penta and hexachlorobiphenyls. 
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Figure 59: Distributions of York River watershed PCB homologues with 4, 5, 6, and 
7 chlorines showing monotonic increase and decrease relationships 
 

  

The number of times (i.e. frequency) each homologue was detected is counted in 

tables 31 and 32. Based on the frequencies of each homologue, mid-level chlorinated 

PCB homologues were selected and lines graphs constructed for PCB homologues from 

each watershed. Figures 59 and 60 are lines graphs showing Monotonic relationship 
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between selected PCB homologues. In addition to monotonic increase in selected 

homologues, both figures 58 and 59 are actual transects.  

 

 

Figure 60: Distributions of Rappahannock River PCB homologues with 4, 5, 6, and 
7 chlorines showing monotonic increase and decrease relationships 
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Table 33: Correlation Analysis of Selected PCB Homologues 
York River watershed Rappahannock River watershed 

Homologues  
Correlation  

Pearson (r)  
correlation  
and  
p-values 

Homologue  
Correlation 

Pearson (r)  
correlation  
and p-values 

TetraCB vs PentaCB 
r = .995 

TetraCB vs PentaCB
r = .885 

p = 0.00 p = .008 

PentaCB vs HexaCB 
r = .964 

PentaCB vs HexaCB
r = .943 

p = 0.00 p = 0.016 

HexaCB vs  
HeptaCB 

r = .911 HexaCB vs  
HeptaCB 

r = .992 

p = .004 p =.081 

TetraCB vs HexaCB 
r = .961 

TetraCB vs HexaCB
r = .973 

p = 0.00 p = .148 

PentaCB vs  
HeptaCB 

r = .75 PentaCB vs  
HeptaCB 

r = .548 

p = .041 p = .631 

TetraCB vs 
HeptaCB 

r = .78           TetraCB vs  
HeptaCB 

r = .933 

p = .038 p = .067 

NanoCB vs DecaCB 
r = .720 

NanoCB vs DecaCB
r = .681 

p = .068 P = .205 
 

 Correlation Analysis 
Based on relationships shown in both figures 59 and 60, within group multiple 

correlation analyses of PCB homologues for each watershed were performed. For the 

Rappahannock River watershed, there are statistically significant and positive 

correlations between pairs of mid-level chlorinated homologues in rows 1 and 2: Pearson 

correlation coefficient (r) ranged from .885 to .934 with p-values less than the level of 
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significance (.05) for this study. For the same Rappahannock River watershed and 

considering rows 4 to 10 in Table 33, the Pearson correlation coefficient (r) is high but 

the p-values (e.g. .081 to .205) are higher than the selected level of significance (.05) for 

this study; suggesting that the probability of encountering such correlation is relatively 

lower. Muir et al (1996) investigated PCB contaminated sediments and applied 

correlation analysis to relationships among selected PCB homologues. The Muir study 

found no statistically significant correlations among tetra-, penta, hexa and 

heptachlorobiphenyls. Unlike PCB homologues found in sediment samples from the 

Rappahannock River watershed, there were statistically significant and positive 

correlations among selected pairs of PCB homologues detected in sediment samples from 

the York River watershed (see Table 33).  

The observations that statistically significant and positive correlations exist 

among PCB homologues within the same watershed led to another question. Is there a 

statistically significant relationship between both groups of PCB homologues from the 

Rappahannock and York watersheds? Levene’s statistical test for equality (homogeneity) 

of variance is a candidate. If the variances are identical/homogenous, it is likely that the 

populations are similar or identical. Dominant PCB homologues detected in sediment 

samples from each watershed were stacked into Minitab statistical software. Figure 61 is 

an output from Minitab software for the Levene’s test for homogeneity of variances. 
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Figure 61: Levene's Test of Equal Variances for selected PCB homolog 
concentrations in both Rappahannock and York watersheds 
 

The Bartlett’s test is not applicable to this data since it was intended for normally 

distributed data set. In figure 61, HCBR stands for hexachlorobiphenyls from the 

Rappahannock River watershed, PCBY is pentachlorobiphenyls from the York River 

watershed, HPCBR is for heptachlorobiphenys from the Rappahannock watershed, and 

TCBY is for tetrachlorobiphenyls from the York River watershed. The level of 

significant was set at .05. The null hypothesis is that there is no difference among 

variances of selected PCB homologues from both watersheds, and the alternative 
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hypothesis is that there is at least a difference. Since the p-value of .418 is greater than 

the .05 level of significance specified for this study, the null hypothesis of equal 

(homogeneity of) variance is accepted. This conclusion is inconsistent with results from 

the Levene’s test for equality of variances for total PCBs from both watersheds. Instead 

of all 10 homologues, selecting four dominant homologues with similar level of 

chlorination from each watershed perhaps contributed to this conclusion. 

Land Use and Distribution of Total PCBs 
Application of transects to investigate anomalous concentrations of selected 

chemicals at a site has been used in geochemical exploration for a very long time 

(Levinson, 1974). During geochemical exploration for mineral deposits, it is common 

practice to collect soil, sediment and/or rock samples along grid-patterned survey lines 

over the target area. Results from chemical analyses of the samples and other field 

information (e.g. distance between sample stations, sample ID numbers, coordinates etc.) 

are then used to construct geochemical transects. A geochemical transect is an XY-plot 

where the x-variable shows direct relationship to sample coordinates or site location on 

the ground, and the y-variable shows concentrations of selected chemicals at each sample 

location (Reimann et al, 2008). 



267 
 

 

Figure 62: Transect of total PCBs vs sample locations for the York and portion of 
the Mattaponi Rivers 
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downstream to upstream (see sediment sample location map figure 30). In other words 

and in figures 62 and 63, the York and Rappahannock Rivers respectively flow from right 

(i.e. northwest) to left (i.e. southeast). For the York Rive transect (see figure 62), 

maximum concentrations (1170 pg/g) of total PCBs was detected at station YK6.Two 

potential contributing factors are: 1) the general location of sediment sample #YK-6 was 

identified as an ETM zone (Lin and Kuo, 2001), an area of maximum turbidity and 

relatively higher fine-grained sediment deposition. 2) Land use in the York River 

watershed is also a factor (King et al, 2004). Starting from YK12 to YK1, total PCB 

concentrations appeared to be increasing downstream. Starting from YK-6 and 

proceeding downstream toward YK-1, there are an oil refinery, power plant and a 

superfund site (York Naval Weapon Station). 
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Figure 63: Transect of total PCBs vs distance for sediment samples from the 
Rappahannock River watershed, the river flows from right to left 
 

Instead of using sample station numbers as in figure 62, distance between 

sampling stations are used to construct transect for the Rappahannock watershed (see 

figure 63). Location of the first sampling station (RA1) on the Rappahannock River near 

its confluence with the Chesapeake Bay was chosen as zero, the starting point. 

Proceeding upstream from station RA1 or zero, the sum of the distances between 

successive stations is shown on the x-axis in figure 63. In other words, station RA4 was 

38 miles upstream from station RA1, and station RA7 was roughly 78 miles from station 

RA1. Sampling station YK1 is roughly 50 feet downstream from an active oil refinery 

Total PCB concentrations are increasing upstream. 
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and distribution facility; while sampling station YK2 is downstream from an active 

Department of Defense facility (Camp Perry). 

Lake Anna 
Prior to the 2009 sediment sampling for total PCBs in Lake Anna, the USACE 

(personal communication, 2010) collected sediment samples in 2005. A map showing 

concentrations of total PCBs for the 2005 USACE study is shown as figure 64. 

 

 

Figure 64:  Map of Lake Anna showing distribution of total PCBs measured in 
sediment samples, USACE, 2010 
 

A southeast-northwest transect for total PCBs based on figure 64 is shown as 

figure 65. The transect revealed that total PCB concentrations are increasing in an 
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upstream direction from the dam at the lower end of Lake Anna toward the interior of 

tributaries to Lake Anna. For instance, total PCBs measured in sediment sample from the 

North Anna#1 sample site (see figure  64) was 1249 pg/g, whereas total PCB 

concentrations in sediments sample from Terry Run sample site was 26083 pg/g. Both 

sample locations are approximately 15 miles apart. North Anna#1 site (1249 pg/g) is 

located at .6 miles northwest of the dam, and Terry Run site was 15 miles from the dam. 

The ratio of total PCBs found at North Anna#1 to total PCBs found at Terry run is 

approximately  1:21. If the dam on Lake Anna is a sink for PCB-contaminated sediment, 

why is it that total PCB concentrations appear to be increasing away from the dam? I 

wonder what is the vertical profile of total PCB concentrations with depth at the dam. 

With respect to the 2005 USACE data for total PCBs, zone of maximum sediment 

accumulation at the dam is not reflected in very high  concentrations of total PCBs away 

from the dam. One potentially contributing factors for the apparently increasing 

concentrations of total PCBs away from the dam is sediment-laden runoff from 

agricultural lots and other sources (see figure 27) surrounding tributaries to Lake Anna. 

 



272 
 

 

Figure 65: Transect showing concentrations of total PCBs in Lake Anna, USACE, 
2010 
 

  

1249

3113

1574

1928

2608

0

500

1000

1500

2000

2500

3000

3500

Total PCBs, 
pg/g

Sediment Sample Locations

Transect for total PCBs in sediment samples from  Lake Anna  only for 
2005, USACE, 2010

Total PCBs



273 
 

120010008006004002000

Median

Mean

4003002001000

1st Quartile 42.77
Median 64.40
3rd Quartile 163.00
Maximum 1170.00

-17.74 394.80

42.93 162.48

229.98 551.21

A -Squared 2.30
P-Value < 0.005

Mean 188.53
StDev 324.65
Variance 105395.84
Skewness 2.96580
Kurtosis 9.19542
N 12

Minimum 18.60

Anderson-Darling Normality  Test

95% Confidence Interval for Mean

95% Confidence Interval for Median

95% Confidence Interval for StDev95% Confidence Intervals

 

Figure 66: Statistical summary of total PCBs for the York River watershed without 
total PCBs from Lake Anna sub-watershed 
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Figure 67:  Statistical summary of total PCB (pg/g) for Lake Anna sub-watershed 
without total PCBs from other parts of the York River watershed, USACE, 2010 
 

The 2009 total PCB data for Lake Anna were separated from total PCB data for 

the rest of the York River watershed. Figures 66 and 67 are intended to compare 

concentrations of total PCBs measured in sediment samples from Lake Anna (USACE, 

2010) sub-watershed to the entire York River watershed. Similar to other sets of data in 

this study, both sets of total PCB data are positively right skewed; and most likely not 

normally distributed (p-value < .05). Considering statistical summary in figures 66 and 

67, average total PCB concentrations detected in sediment samples from Lake Anna sub-

watershed is roughly 3 times higher than average total PCBs from other parts of the York 

River watershed. The median total PCBs detected in sediment samples from Lake Anna 
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is over 4 times higher than total PCBs detected in sediment samples from other parts of 

the entire York River watershed. Lake Anna sub-watershed has both forested and 

agriculture land uses similar to the York watershed. Both areas also received atmospheric 

deposition of PCBs. Two major land use differences include a nuclear power plant and its 

circulatory cooling water in Lake Anna sub-watershed, and facilities such as an oil 

refinery, wastewater treatment plants, and pulp and paper mill located at roughly 130 

miles downstream and in the main York River watershed. In general and based on 

transect for the York River watershed, concentrations of total PCBs detected in sediment 

samples are increasing downstream toward the main Chesapeake Bay. Unlike trend 

shown by the York River total PCB transect (see figure 62), trend shown by the total 

PCB transect for Lake Anna (see figure 65) is opposite to trend shown by the York River 

total PCB transect. Lake Anna is surrounded by a combination of agricultural and 

industrial land use, whereas the York River is predominantly industrial and residential 

land uses.  

Unlike the York River transect, the Rappahannock River transect (see figure 63) 

has two peaks, the largest (3120 pg/g) of which corresponds to sample location RA18. 

Station RA18 is approximately 240 miles upstream from the confluence of the 

Rappahannock and the Chesapeake Bay (location 0 on figures 63), and roughly 6 to 10 

miles outside of the Town of Culpeper, Virginia. Sample RA18 was collected from near 

the Route 663 Bridge on Mountain Run, a tributary to the Rappahannock. The general 

vicinity of Mountain Run at Route 663 Bridge is a known PCB-contaminated sediment 

site.  
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Figure 68: Scatterplot showing trend of total PCBs vs distance for the 
Rappahannock River watershed 
 

According to VA-DEQ (Wallmeyer, 1972), Mountain Run at Route 663 Bridge is 

downstream from a former electrical transformer manufacturer. In 1972, PCB-

contaminated sediment in the Commonwealth of Virginia was first reported by the 

Virginia Water Control Board (now VA-DEQ) for sediment samples from Mountain Run 

and the general vicinity of the Town of Culpeper. In a 2001 PCB-contaminated sediment 

survey by VA-DEQ, 13,140 ppb of total PCB was detected in sediment samples from this 

same location. The next largest peak (803 pg/g) on the Rappahannock River transect (see 
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figure 63) is roughly 175 miles upstream from the confluence of the Rappahannock and 

the Chesapeake Bay. This location corresponds to sample #RA14, which was collected at 

roughly 50 feet downstream from the discharge pipe for the Town of Fredericksburg 

wastewater treatment plant. Hartmann et al (2004) used linear alkyl benzenes as a marker 

for sewage-derived PCBs to study sources and distribution of PCBs in Narragansett Bay. 

The Hartwell study concluded that 95% of total PCBs contributed to Providence, Taunton 

and Seekonk Rivers were sewage-derived.  

In general and unlike the York River transect, total PCB concentrations detected 

in sediment samples shown on the Rappahannock River transect and scatterplot (figures 

63) are decreasing downstream towards the confluence of the Rappahannock River with 

the Chesapeake Bay. The Rappahannock River transects (see figures 63 and 68) suggests 

three things: 1) additional input or loading of total PCBs to the Rappahannock River 

watershed is most likely from sources in the vicinity of sample stations RA18 and RA14; 

2) location of high concentrations of total PCBs coincided with locations of highly 

populated areas (e.g. Towns of Fredericksburg and Culpeper); and 3) two sediment 

samples-one from near the wastewater treatment plant and one downstream from the 

former transformer manufacturing plant site contained very high concentrations of total 

PCBs. Similarly, results from chemical analysis of sediment sample #RA25 from Route 

29 Bridge near the Town of Madison had the second highest concentrations of total 

PCBs. The location  of sediment sample RA-25 is rural and surrounded by farmlands. 
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Figure 69: Distribution of total PCBs in relation to land uses in areas adjacent to 
sediment sampling site in the York River watershed 
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Figure 70: Distribution of total PCBs in sediment samples in relation to land uses in 
areas adjacent to sample location for the Rappahannock watershed 
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were used to classified land uses in the vicinity of each sediment sampling stations into 

six main categories: agricultural/rural (RA), urban/commercial (UC), industrial facility 

(IF), forested area (FA), Department of Defense of DOD; and mixed (M).  

Figures 69 and 70 are pie charts showing percentages of total PCBs detected in 

sediment samples for each category of land use. The Town of Fredericksburg wastewater 

treatment plant is one of few industrial facilities noted in this watershed. Two high values 

of total PCBs were detected in sediments samples from two population centers: Town of 

Culpeper and Fredericksburg. As for the York River watershed, one oil refining and 

distribution facility is near station YK1. Most high concentrations of total PCBs were 

detected in sediment samples from Lake Anna nuclear power plant area.  

PCB Distribution Map 

Howell N., Lakshmanan D., Rifai H., and Koening L (2011) studied the 

distribution of PCBs in the Houston area urban channel. The Howell study divided the 

concentrations of total PCBs into statistical classes and assigned colored symbols to each 

class. They then used the colored symbols and sample location to plot total PCB 

distribution map for the Houston channel. de Mora S., Villeneuve J., Sheikholeslami M., 

Cattinni C., and Tolosa I (2004) used similar techniques to plot distribution maps of 

PCBs and DDTs for the Caspian Sea. This research divided concentrations of total PCBs 

into statistical classes for each watershed. Colored symbols were assigned to each 

statistical class intervals. Figure 71 is a map showing distribution of total PCBs for both 

watersheds. As shown in figure 71, high concentrations of total PCBs (greater than 301 

pg/g to 2000 pg/g) in the Rappahannock River watershed are generally concentrated in 
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areas starting from Fredericksburg and continue to the west of Interstate 95 toward 

Culpeper. Unlike the Rappahannock River watershed, high concentrations of total PCBs 

in the York River watershed are concentrated in two areas: east of I-95 and downstream 

toward the Chesapeake Bay, and within the Lake Anna subwatershed. 

 

 

Figure 71: Map showing distributions of total PCBs detected in sediment samples 
from the Rappahannock and York River watersheds 
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CONCLUSIONS 

The research statement for this dissertation consists of two parts: to determine if 

significant concentrations of PCBs exist in either or both watershed(s), and whether any 

parts of the York and Rappahannock watersheds need remediation. Since the TSCA 

(EPA, 2009) definition of PCB wastes is materials containing ≥ 50 mg/kg total PCBs, 

significant concentrations of PCBs referred to any sediment samples containing 50 mg/kg 

total PCBs. Results from chemical analyses of sediment samples from both the 

Rappahannock and York watersheds detected maximum total PCBs concentrations of 

1170 pg/g for the lower York Watershed, 2279.6 pg/g for Lake Anna subwatershed, and 

3120 pg/g for the Rappahannock watershed. The TSCA action level of 50 mg/kg is 

equivalent to 50,000 pg/g. The Maximum total PCBs detected in sediment samples from 

both watersheds are far less than TSCA definition of PCB waste materials. It is therefore 

concluded that no significant concentrations of total PCBs were found in the York River 

watershed nor the Rappahannock River watershed.  In other words, interpretation of the 

data did not support the hypothesis that significant concentrations of total PCBs exist. 

While total PCB concentrations at some sediment sample collection sites are higher than 

others (e.g. YK-6 in the York watershed and RA-18 in the Rappahannock watershed), 

there is no need for remediation, and there is no need to investigate the “Hot Spots”. 
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Saunders (1989) investigated and reported the distribution of total PCBs in 

sediments of the Hudson River in New York. Concentrations of total PCBs in the Hudson 

River study ranged from 1 mg/kg to 150 mg/kg. The Saunders’ study collected 600 

sediment samples along 40 transects. Samples spacing ranged from 200 feet to 1 mile. 

Unlike the Saunders’ study, this dissertation collected 14 sediment samples from the 

Rappahannock River watershed and 20 sediment samples from the York River watershed 

(see figure 68). On average, sample spacing for this research was 30 miles. With roughly 

30-mile gap between samples, it is conceivable to miss total PCB concentrations at those 

locations that were not sampled.  Brown, Werner and Sloan (1985) also reported on 

recent trends in the distribution of PCBs in the Hudson River. The Brown study indicated 

that two General Electric capacitor-manufacturing plants on the Hudson River discharged 

approximately 14 kilogram of PCBs per day for 30 years. The two GE plants on the 

Hudson River amounted to point sources for total PCBs. Unlike the Hudson River with 

point sources such as capacitor plants, results from land use documentation (see table 6, 

and figure 24) found no capacitor nor transformer manufacturing plants in neither the 

Rappahannock nor York River watersheds.  

 This dissertation observed the consistent occurrence of PCBs with 4 to 7 

chlorines in sediment samples from both watersheds, in addition to decreasing and 

absence from some locations of PCBs with less than 4 chlorines in sediment samples 

from both watersheds (see tables 26 and 27). Sivey and Lee (2007) documented similar 

observations about the weathering patterns of PCBs in sediments. Magar et al (2005) 

observed that reductive dechlorination of PCBs with 4 or more chlorines is the primary 
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metabolic pathway under anaerobic conditions. Their observation is consistent with 

research performed by Smith, Schwab and Baker (2007). They observed that bacteria 

preferentially remove chlorines from the meta- and para- positions and substitute them 

with hydrogen. This can lead to PCBs with fewer chlorines that are less toxic. In other 

words, bacterial-mediated reductive dechlorination favors highly chlorinated and more 

toxic PCBs. The consistent occurrence of PCBs with 4 to 7 chlorines in each of the two 

watersheds, and the absence of PCBs with less than 4 chlorines from most locations in 

both watersheds suggest that aerobic decomposition, volatization and resuspension of 

less-chlorinated PCBs in both watersheds are perhaps dominant over anaerobic 

decomposition of highly chlorinated PCBs. 

 

Scientific Contributions 

According to the problem definition of my original dissertation proposal, the 

concentrations and distribution of total PCBs and PCB homologues in both the 

Rappahannock and York watersheds were poorly known. Table 28 and figures 71 help to 

clarify this understanding. If so, this dissertation fits and advances the boundary of 

knowledge at least one notch. This dissertation contributed additional new data, analyses 

and interpretation to the current understanding of total PCBs and PCB homologues in 

both the Rappahannock and York River watersheds. For example, risk assessment for 

consumption of 3 different types of fishes selected from Lake Anna is new information. 

Transects showing decreasing and increasing trends in total PCBs for each watershed are 
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also new. Statistical comparisons of average total PCBs for four watersheds (figure 52): 

the James, York, Rappahannock and the Potomac watersheds are new contribution. 

Systematic sampling and chemical analyses detected total PCBs in all 25 (see table 28) 

sediment samples from different sections of both the Rappahannock and York River 

watersheds are new contributions.  Finally, Transects showing total PCB distribution in 

Lake Anna and statistical comparison of Lake Anna to the rest of the York River 

watershed (see figures 66 and 67) are also new contributions.  

Chemical analyses and interpretation of PCB homologues is slightly detailed as 

compared to just reporting total PCBs in sediment. Tables 31, 32 and transects showing 

trends in selected PCB homologues concentration (see figures 59 and 60) are new 

contributions. That three of the highly chlorinated PCB homologues: 

tetrachlorobiphenyls, pentachlorobiphenyls, and hexachlorobiphenyls were detected in 

every sediment sample from both watersheds is also another new contribution; because it 

does lead to future research question as to why that is.  From a broader perspective, the 

VA DEQ assisted this dissertation because they had expressed interest in total PCBs and 

PCB homologue data from both watersheds. VA DEQ intends to use the data. In addition 

to VA DEQ, the National Status and Trends Program of NOAA studied and published 

(Hartwell and Hameedi, 2007) Magnitude and Extent of Contaminated Sediments and 

Toxicity in the Chesapeake Bay with very little/no data from most of the two watersheds 

in this dissertation. NOAA should be able to update their investigation and close the gap 

using data from this dissertation. The mean, median maximum and other total PCB data 

(see table 28) from the Rappahannock and York River watershed are far below NOAA’s 
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sediment quality ERM of 180 ppb (180,000 pg/g). The dissertation also provides new 

opportunities for future investigation as why certain PCB homologues were detected in 

every sample. It is the view of this dissertation that the aforementioned maps, tables and 

charts are useful information to the scientific community and residents of both 

watersheds. 
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RECOMMENDATIONS FOR FUTURE STUDIES 

Future research questions follow. 

1. There is a known relationship between concentrations of PCBs and 

organic-rich fine-grained sediment. Why is it that regression analysis using particle size 

(i.e. fine-grained) is a poor predictor of PCB concentration in sediment? 

2. Since PCBs are rank #5 on the 2007 Comprehensive Environment 

Response, Compensation and Liability Act (CERCLA) Priority List of Hazardous 

Substances (http://www.atsdr.cdc.gov/cercla/07list.html, 8/4/10), and the FDA regulation 

for PCB  in edible fish and meat are 2 and 3 ppm, why is it that the reporting threshold 

for releasing PCBs to the environment is 10 lbs.? 

3. What is the relationship between each PCB homologue and specific type 

of land use (e.g. paper mills, power plants, farmlands, wastewater treatment plants)? 

4. What is the vertical profile of PCBs at the estuary turbidity maximum 

zone in each watershed?  

5. What is the source and extent of PCB-contaminated sediment at the Route 

663 Bridge near Culpeper, Virginia? 

6. Which land use type is contributing the most PCBs to each watershed? 

7. What fraction of total PCBs is contributed to each watershed from 

atmospheric deposition of PCBs? 
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8. Why is it that pentachlorobiphenyls were detected in all sediment samples 

from both watersheds (see tables 31 and 32), and other PCB homologues were not 

detected with the same frequencies? 

9. Toxic Release Inventory report from VA-DEQ has a category/phrase 

called “managed off-site”. Each reporting company and VA-DEQ should state exactly 

what is meant by “Managed off-site”. 
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