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ABSTRACT 

ALLOCATING THE SOURCES OF POLYCYCLIC AROMATIC HYDROCARBONS 
(PAHS) IN SURFICIAL SEDIMENTS FROM THE WASHINGTON, DC REGION 
WITH PARTICULAR EMPHASIS ON COAL TAR SEALCOAT 

David Nadrchal, M.S. 

George Mason University, 2013 

Thesis Director: Dr. Gregory D. Foster 

 

Various sources of polycyclic aromatic hydrocarbons (PAHs) were analyzed that 

potentially influenced contamination levels in sediments from the Anacostia River in 

Washington, DC and surrounding area. Sources of PAHs allocated in this study included 

coal tar sealcoat, asphalt, rubber tire, gasoline soot, diesel soot, and coal power fly ash. 

Extraction of sources and sediments was accomplished by microwave assisted extraction 

(MAE) and analyzed on gas chromatography mass spectrometry (GC-MS). Two methods 

were conducted to identify major sources of PAHs. The first used isomer ratios, unique 

ratios exhibited by studied sources helped identify major contributors of PAH 

contamination in sediments. The other method used was a chemical mass balance model 

developed by the U.S. EPA, CMB 8.2. This method apportioned major sources of PAHs. 

The findings from the methods showed that the major contributors of PAH contamination 

in area sediments were from gasoline soot, coal tar sealcoats, and coking emissions.
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INTRODUCTION 

Polycyclic aromatic hydrocarbons (PAHs) are persistent environmental 

contaminants often found enriched in urban sediments. These compounds exhibit both 

mutagenic and carcinogenic properties to aquatic and terrestrial life (1, 2). Six 

homologues of PAHs are listed by the Environmental Protection Agency (EPA) as 

possible carcinogens to humans, and the U.S. Department of Health and Human Services 

has identified five of these homologues to be known animal carcinogens (3). Human 

exposure to PAHs can occur by contact with contaminated air, water, or the ingestion of 

contaminated meats (3). Aquatic life exposed to PAHs poses a potential route of exposure 

by ingestion (2, 4).  

Forming effective pollution mitigation and management strategies requires a 

better understanding of the sources that are contributing to the increase in PAH 

contamination within urban waterways (5). Sources of PAHs in the environment include 

emissions from high temperature pyrolysis of organic matter, discharge, runoff or 

spillage of petrogenic hydrocarbons, and biogenesis. Extensive research has been 

conducted on various sources of PAHs including vehicle emissions, motor oil, crude oil, 

power plant emissions, tire particles, and industrial emissions, which has revealed source-

specific molecular signatures (6–11). Recently, coal tar sealcoat has been identified as a 

potentially significant source of PAH contamination in surface waters, predominantly in 
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urban regions (12–14). This previously overlooked source contains high levels of PAHs 

including suspected carcinogens that can be carried off by storm runoff and deposited in 

the alluvial sediment of surrounding watersheds (12). 

The objective of our study was to characterize the PAH composition of sources 

believed to influence PAH sediment concentrations in and around the Anacostia River, a 

tributary of the Potomac River, as it flows through Washington, DC. The Anacostia River 

is listed as one of the three regions of concern in the Chesapeake Bay basin with 85% of 

the watershed within Maryland and 15% within Washington, DC as a result of the high 

emissions of pollutants, including PAHs, in sediments surrounding Washington, DC (15, 

16). Source selection was based on previous local and national studies, new emerging 

sources of interest (13, 17–20) and relevant geospatial features in the region. Sources 

were collected locally, and their PAH profiles characterized for important molecular 

marker homologues. Isomer ratios of PAH homologues can be used to distinguish among 

the sources (21). First-order comparisons between isomer ratios in sediments and sources 

identified PAH contributors, with source allocation completed using the EPA chemical 

mass balance (CMB) model for selected sediment samples. 
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METHODS 

Sample Collection 

PAH sources selected for isomer analysis included gasoline soot, diesel soot, used 

motor oil, rubber tire fragments, coal tar sealcoat, asphalt, asphalt binder, and coal fly 

ash. The sources collected have the potential to influence PAH levels in the Anacostia 

watershed by atmospheric and runoff deposition. Petrogenic sources such as crude oil and 

diesel oil were not collected in this study as they were not expected to have a major 

influence on the PAH levels in sediments, but are expected to influence hydrocarbon 

levels of contamination. In this study, sources were analyzed coincidentally with 

sediment samples to minimize the uncertainty in correlated concentrations between 

sources and samples. The exceptions were the gasification plant, wood burning, coal 

power plant, and coking profiles where literature values were used because of the 

difficulty or inability to collect these specific sources (18, 22, 23).  

Gasoline and diesel soot were collected directly from exhaust sources on disks of 

pre-fired (400 0C) glass fiber filters. At collection sites, the filter disks were placed in the 

exhaust of diesel engines or used to collect particulate matter deposits in an underground 

parking garage. Unused filter disks were exposed to the sample collection environment to 

serve as field blanks. Blanks accounted for any additional mass and PAHs collected on 

the filter disks not directly measured from exhaust sources. 
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Used motor oil was collected at a local service station from a tank where 

customers’ used oil is collected and discarded. Coal tar based sealcoat and asphalt 

sources were collected from local construction contractors. Coal fly ash was collected 

from a regional franchise that handles coal fly ash from power production plants and 

redistributes it as a concrete additive. Rubber tire sources were collected from a Vigoro 

rubber mulch product that is made from shredded tires with the steel reinforcement 

removed. All sources were expected to undergo minimal degradation and weathering due 

to careful collection from direct emissions or protected conditions.  

River sediments were sampled during the summer of 2012 at the collection sites 

illustrated in Figure 1. Sample locations included areas in the Anacostia River along with 

other local sites. Samples A1, A2, A3, and A4 were all located within the area influenced 

by the Lower Anacostia River watershed Samples A1 and A2 were located in the 

Anacostia River downstream from several combined sewer overflows (CSO) numbered 

9, 10, 11, and 12 the District of Columbia Water and Sewer Authority (DCWSA) map 

(24), representing the largest CSOs discharging into the river. Samples A3 and A4 were 

located within a local marina downstream of the large CSOs. Samples A5, and A6 were 

located the Washington Ship Channel, and fell within the Pimmit Run-Potomac River 

sub-watershed. Sample location M was within a marsh in the Fourmile Run-Potomac 

River watershed. The Accotink Creek watershed influenced the sample taken from 

location C. Sample locations M and C were located in areas of less urban influence to 

compare against samples with higher urban influence (A1-A6). Samples from locations 

P1 and P2 were taken from a sedimentation pond located within the Pohick Creek 
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watershed. Superficial sediment (top 2 cm) was obtained using a Ponar grab. Grab 

samples were evacuated into a stainless steel pan and transferred to prefired (400 0C) 

glass jars with a stainless steel spoon. Samples were stored in freezer (-20 0C) until 

extraction. 
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Figure 1 Locations of sediments and the watershed samples were located in(hydrolic unit code (HUC) 12). 
Locations included six from the Anacostia River (A1-6), a small marsh located near the Potomac River (M), 
Gunston Cove (C), and a sedimentation pond (P1 and P2). Coordinates provided for the sampling locations are 
in degrees. 
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Sample Extraction 
To extract PAHs from sediments and sources a microwave assisted extraction 

(MAE) method was used, which has been described elsewhere (25). Wet alluvial 

sediment was prepared by centrifugation to remove bulk water. De-watered sediment was 

precisely weighed (~5 g), placed in an MAE GreenChem extraction vessel with 5 g of 

prefired (450 oC) anhydrous sodium sulfate desiccant, mixed to a dry powder, and 30 mL 

of 1:1 acetone:hexane as the extraction solvent. All samples had 100 ng of perdeuterated-

PAH surrogate standards (d10-acenapthene, d10-phenantherene, d12-chrysene) added for 

recovery assessments. The MAE program had a 15-minute temperature hold at 100 0C 

using a maximum power of 600 W. This extraction procedure was performed three times 

per sample to maximize extraction yield.  

Extracts were solvent exchanged into hexane during dry-nitrogen-gas solvent 

evaporation to a volume of approximately 1 mL. Cleanup of the samples employed the 

use of Florisil column chromatography (1% water deactivation) in glass chromatography 

columns. Florisil was first rinsed with hexane (discarded), the sample extracts were 

loaded on the cleanup column, and PAHs were eluted with two 25 mL additions of 

dichloromethane (DCM) into a 60 mL glass centrifuge tube. Toluene was added to the 

samples as a keeper solvent while samples were blown down under gentle nitrogen 

stream and heat to a final volume (~1.5 mL) for analysis. For every sample, three 

separate replicates were performed to account for sample variability. Internal standards 

(d8-napthalene, d10-phenathrene, d10-flouranthene, and d12-benz[a]anthracene) were 

added to quantify the PAHs in sample extracts using gas chromatography mass 
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spectrometry (GC-MS). Every sample set had a method blank sample in which all the 

extraction procedures were followed without the addition of a sediment or source sample. 

Instrumental Analysis  
The GC-MS employed was an Agilent 7890 GC equipped with an Agilent 5975 

mass selective detector (MSD) and fitted with a Restek RTX-5 30 m column having a 

bonded-phase thickness of 0.25 µm and a 0.25 mm ID. Programming of the GC 

temperatures were set to the following: 100 0C, held for 30 seconds, then ramped at 20 0C 

min-1 to 290 0C, followed by a ramp of 5 0C min-1 to 320 0C which was held for 3 

minutes. The MSD operated in selective ion mode (SIM) with one quantifier ion and two 

qualifier ions per PAH. The GC-MS solvent delay was programmed for 3 minutes. Data 

analysis was conducted with Environmental ChemStation package in MSD ChemStation 

ver.E02.00.493 (Agilent). 

Sediment Characterization 
Bulk sediment properties that were characterized included percent moisture, grain 

size, percent total organic carbon (%TOC), and carbon to nitrogen ratio. Sediments were 

first centrifuged to remove bulk water prior to being placed in a drying oven (65 0C) for 1 

week with experiment controls (previously dried sediments) to determine percent 

moisture.  

Grain size was divided into two fractions, including sand (greater than 63 µm) 

and silt/clay portions (less than 63 µm). Dried sediments were mixed in 5.5 g/L of aq. 

sodium metaphosphate and wet sieved through a 63 µm sieve. Sample that remained in 
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the sieve was recovered, dried in oven (65 0C) for one week, and weighed to measure the 

sand portion with the mass balance assigned to silt/clay.  

Percent total organic carbon and C/N ratios were determined by the use of 

Thermo Scientific Flash 2000 NC soil analyzer (26). Ascorbic acid was used as a 

calibration standard for the C/N and %TOC and soil reference material (SRM) was used 

for quality assurance. C/N ratios were measured directly from dried sediment. 

Determination of %TOC required sediment pretreated with 6N hydrochloric acid to degas 

inorganic carbon. 

Statistical Analysis 
PAH concentrations determined by GC-MS were analyzed with Minitab version 

16.2.2. Source Apportionment of PAHs in sediments was evaluated using a chemical 

mass balance model program released by the U.S. EPA (EPA CMB 8.2). Guidelines were 

followed regarding the use and procedures of CMB 8.2 as outlined in the user manual 

(27). 

Quality Assurance 
Spiking experiments were performed on baked (800 0C) sediments. Measured 

recoveries in the overall method averaged at 99% in sediments across all PAH 

homologues, with the lowest recoveries (averaging 62%) observed in the two ring PAH 

homologues. Surrogate recoveries averaged 69%±36, 82%±11, and 50%±19 for d10-

acenapthene, d10-phenantherene, and d12-chrysene respectively across all samples, 

sources and blanks. The sample extract signal was adjusted by lab blanks, and most 

blanks were below detection limits (20 ng per vial for PAH homologues). 
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RESULTS AND DISCUSSION 

Bulk Sediment Properties 
The C/N ratios suggest a spectrum of origins for bulk organic matter deposition in 

sediments between collection sites (Table 1). Sediment sample sites A3, A4, A5, A6, M, 

P1 and P2 had C/N ratios between 10-20 indicating a mix of carbon inputs from 

terrestrial and aquatic sources (28). Carbon deposition at sample site C (C/N of 10) 

showed a greater influence from aquatic inputs as expected due to the pond-like nature of 

the water body and greater algal production (29). Sediments from sites A1 and A2 had 

the highest C/N ratios, which were >20 indicating a likely strong influence from 

terrestrial sources (28). The large C/N ratios are consistent with the sites being slightly 

downstream and adjacent the largest DCWSA combined sewer overflows (CSO) in the 

Anacostia River, CSOs 9-12 (24), that receive drainage from a large swath of the 

southeast quadrant of a highly urbanized sub-watershed within the city of Washington, 

DC. Combined sewer systems mix sanitary and runoff water in underground networks 

that flow to treatment plants. The combined sewer system will under high rainfall 

conditions receive untreated overflow water from wastewater treatment plants. 
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Table 1 Bulk sediment properties. 
Sediment 
Sample 

Site   

Grain Size %TOC 

C/N  % Moisture % Sand  % Silt/Clay Mean S.D. 

A1 26 35 84 16 4 0.25 

A2 21 32 91 9 3 0.25 

A3 13 57 17 83 4.6 0.004 

A4 11 56 18 82 3.5 0.020 

A5 17 54 59 41 6 0.44 

A6 13 60 16 84 5 0.12 

M 13 31 92 8 1.9 0.067 

C 10 57 15 85 3.5 0.067 

P1 17 52 23 77 2 0.25 

P2 19 52 23 77 2 0.15 

 
 

%TOC in sediments appeared positively correlated to the concentrations of total-

PAHs across all sites sampled (Figure 2). In urban regions with high inputs of PAHs, this 

implies that PAH sources represent a significant fraction of the sediment TOC pool. 

However, soot carton was not quantified to provide direct evidence. It is also well known 

that the sorption of PAHs in organic matter contained within sediments yields highly 

enriched PAH concentrations in urban regions (30).  
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Figure 2 Regression plot of total PAH concentrations as a function of the percent total organic carbon (%TOC) 
in sediments. 

  

PAH Concentrations 
PAH concentrations in this study were not corrected for spike or surrogate 

recoveries. The source total-PAH concentrations ranged from coal tar sealcoat having the 

highest concentrations (17000 µg g-1) to coal fly ash having the lowest concentrations (<1 

µg g-1), and the results are summarized in Table 2. Coal tar sealcoats had the highest 

concentration of any source analyzed. Coal fly ash concentrations were low and fell near 

the lowest concentration limit of the calibration curve and, thus, were not used for 

apportionment. Instead, literature values were used for coal-based fly ash derived from 

electrical generation plants (18).  
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Table 2 Summary of total-PAH concentrations in analyzed sources (µg g-1) 

Source Total-PAH concentration 

 

(µg g-1) 

Asphalt 4 

Asphalt Binder 240 

Motor Oil 1000 

Diesel Soot 150 

Gasoline Soot 70 

Class C Fly Ash <1 

Class F Fly Ash 9 

Rubber Tire 860 

Coal Tar Sealant 17000 

 
 

The sources showed wide variation in PAH ring-number distributions as 

illustrated in Figure 3. The variations in ring distributions among sources are 

characteristic and unique, making the homologues useful markers for sourcing PAH 

mixtures. Low molecular weight PAH homologues (2-3 ring) were observed in most of 

the sources with the exception of gasoline soot and coal tar sealcoat. Observed in coal tar 

sealcoat were high portions of high molecular weight PAHs, this uniqueness is explained 

by the process in which coal tar sealcoats are produced. Coal tar is a byproduct of the 

steelmaking process in which many low molecular weight PAHs are released and 

contains high amounts of carcinogens, including PAHs (31). The high percentage of 6 

ring PAH homologues in rubber tires can be explained by the additive carbon black. 

Carbon black gives tires the desirable black color and contains high levels of larger PAH 
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homologues due to the production process (32). These larger PAHs are important as they 

are less likely to degrade in the environment and contribute to higher sediment 

concentrations.  

 

 
Figure 3 Chart of source PAH distributions broken down by number of fused ring structures. 

 

The total-PAH concentrations measured in the sediment samples ranged from 
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included fluoranthene and pyrene. The sediment PAH ring number distribution showed a 

much less variable composition relative to the sources (Figure 4). 

 

 
Figure 4 Chart of sediment PAH distributions broken down by number of fused ring structures. 

 

The data illustrated in Figure 4 showed that a majority of the measured PAHs 

were four fused aromatic rings and larger. The high percentage of four fused aromatic 
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likely due to the more rapid degradation of low molecular weight PAHs during source 

translocation to sediment. 

PAH isomer ratios 
Isomer ratios help to infer source contributions to PAH concentrations in 

sediments and distinguish between petroleum and combustion. By comparing the relative 

abundance of thermodynamic vs. kinetic isomers (21), we can begin to distinguish source 

types. Isomers were chosen at the following masses for this study; 178 

(anthracene/phenanthrene), 202 (fluoranthene/pyrene), 228 

(chrysene/benzo[a]anthracene), 252 (benzo[b]fluoranthene/benzo[k]fluoranthene and 

benzo[e]pyrene/benzo[a]pyrene), and 276 (indo[1,2,3,-cd]pyrene/benzo[g,h,i]perylene). 

Isomer ratios of sources shown are shown in Table 3. The abbreviations for the PAHs are 

as follows anthracene(An), phenantherene(Ph), fluoranthene(Fl), pyrne(Py), 

benzo[a]anthracene(Ba), chrysene(Ch), benzo[a]pyrene(BaP), benzo[e]pyrene(BeP), 

benzo[b]fluoranthene(BbF), benzo[k]fluoranthene(BkF), indo[1,2,3-cd]pyrene(Ip), 

benzo[g,h,i]perylene(BgP). 

 

Table 3 Isomer ratios of considered sources. 
Source An/(An+Ph) Fl/(Fl+Py) Ba/(Ba+Ch) Ip/(Ip+BgP) BaP/(BaP+BeP) BbF/(BbF+BkF) 

Asphalt 0.10 0.46 0.44 0.16 0.18 0.77 

Coal Tar Sealant 0.30 0.57 0.69 0.35 0.68 0.47 

Coal Power Plant* 0.10 0.53 0.34 0.40 0.36 0.83 

Coking Emissions* 0.21 0.50 0.48 0.35 0.48 0.61 

* Li et al. 2003 (18) 
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Source An/(An+Ph) Fl/(Fl+Py) Ba/(Ba+Ch) Ip/(Ip+BgP) BaP/(BaP+BeP) BbF/(BbF+BkF) 

Coal Gasification† 0.22 0.41 0.46 0.38 1.00 0.50 

Gasoline Soot 0.06 0.55 0.27 0.26 0.19 0.59 

Asphalt Binder 0.13 0.26 0.26 0.12 0.33 0.96 

Wood Burning‡ 0.24 0.50 0.49 0.42 0.58 0.55 

Diesel Soot 0.06 0.45 0.56 1.00 0.38 0.59 

Motor Oil 0.26 0.43 0.66 0.17 0.50 0.73 

Rubber Tire 0.15 0.31 0.34 0.12 0.37 0.66 

 
 

Source isomer ratios measured in this study were compared with literature values 

from comparable sources and it was found that the ratios observed were similar to those 

found in previous reviews that examined similar studies (17, 21). From the isomer ratios, 

the source uniqueness was observed and illustrated by score plot of the PCA covariance 

matrix (Figure 5). Within the first two principle components (PC) 81% of the variability 

was explained. Most of the variance was attributed to the Ip/(Ip+BgP) and 

BaP/(BaP+BeP) ratios.  

PAHs are expected to undergo degradation in the environment throughout their 

lifecycle from emission to aquatic deposition and burial. To account for degradation of 

PAHs the sediment homologue concentrations were adjusted using the half-life data of 

specific PAHs on matter that stabilizes reactive PAHs by adsorbing most light and 

preventing degradation (34). No adjustment was applied to BbF due to a lack of data. The 

† National Park Service 2006 (22) 

‡ Schauer et al. 2001 (23) 
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photodegredation time was chosen to be 60 hours based on 12 hours of daylight and 

aerosol residence time of 5 days (17, 35). This adjustment assumed that the PAH 

degradation was a first-order reaction. The adjusted sediment isomer ratios are displayed 

in Table 4. 

 

Table 4 Isomer ratios measured in sediments and corrected for degradation. 
Sediment 
Sample An/(An+Ph) Fl/(Fl+Py) Ba/(Ba+Ch) Ip/(Ip+BgP) BaP/(BaP+BeP) BbF/(BbF+BkF) 

A1 0.40 0.50 0.40 0.64 0.64 0.69 

A2 0.32 0.56 0.44 0.36 0.71 0.52 

A3 0.38 0.52 0.50 0.35 0.65 0.54 

A4 0.35 0.54 0.50 0.36 0.62 0.54 

A5 0.40 0.58 0.43 0.34 0.71 0.56 

A6 0.38 0.57 0.46 0.34 0.68 0.53 

M 0.26 0.59 0.49 0.36 0.63 0.53 

C 0.29 0.58 0.55 0.38 0.61 0.57 

P1 0.15 0.59 0.62 0.37 0.62 0.53 

P2 0.14 0.60 0.63 0.37 0.61 0.53 

 
 

The first-order evaluation of the major PAH sources in sediments was 

accomplished by examination of selected isomer ratios of the characteristic homologues. 

Isomer ratios were above those seen in petrogenic sources (gasoline, diesel) eliminating 

these sources from consideration in the models (21). While these petrogenic sources are 

expected to affect the hydrocarbon levels in sediments this study only compares PAH 

levels. Observed in the 178 An/(An+Ph) was that the coal tar sealant separated from 

18 
 



many of the other sources with the exception of used motor oil see Table 3. The 178 

isomer ratio of approximately 0.24 to 0.30 was observed in many of the sediment 

samples. The 178 isomer ratio of sediment locations P1 and P2 more closely resembled 

that seen by asphalt binder, rubber tire, and coal power plant sources.  

The 202 Fl/(Fl+Py) ratio also showed a wide range among sources where coal tar 

sealant showed the greatest ratio of 0.57 in Table 3. Gasoline soot and coal power plant 

sources had ratios similar to that of the coal tar sealant (0.55 and 0.53) so influences were 

difficult to distinguish between these sources based solely on the Fl/(Fl+Py) ratio. The 

202 ratios in sediments were between 0.50 and 0.60, showing that any three of these 

sources could be possible major contributors to sediment PAH concentrations.  

Ratios of the 228 Ba/(Ba+Ch) isomers in sources were scattered and once again 

showed that coal tar sealant and used motor oil had highest ratios of 0.69 and 0.66, 

respectively. Gasoline soot had a much lower ratio at 0.33, which was shared by rubber 

tire. Sediment data from this isomer pair did not lie close to a particular source. Many of 

the sediments showed 228 ratios ranging from 0.40 to 0.63 lying between many of the 

analyzed sources. This may indicate a mixture of contributing sources to the PAH 

concentrations in river sediments and showed the 228 isomer ratio was the least 

diagnostic.  

Ratio data from the 256 Ip/(Ip+BgP) showed sources being separated into 

different regions. Coal tar sealcoat had a ratio of 0.35, gasoline soot around 0.27, and coal 

power plant emissions at 0.40. This ratio data showed a greater separation in sources and, 

due to the size of these PAH homologues, are less likely to degrade from formation to 

19 
 



deposition in sediments. Many of the sediment samples, with the exception of A1, had 

ratios between 0.34 and 0.38 close to that of coal tar sealcoat. 

For 252 BaP/(BaP+BeP) the coal tar sealcoat ratio was distinct from that of 

gasoline soot and coal power plant, being 0.68, 0.19, 0.40 respectively. Once again, the 

sediment data was clustering around a ratio ranging from 0.59 to 0.71. The source closest 

to these ratios was the measured coal tar sealcoat. Ratios of 252 BbF/(BbF+BkF) showed 

many sources being clustered around 0.47 to 0.58. These sources included coal 

gasification, coal tar sealcoat, gasoline soot, and diesel soot. Much of the sediment data 

can be found within this range of ratios so it was difficult to assign specific primary 

contributors of these PAHs.  

Collectively, the isomer ratios implicated a large influence from gasoline soot and 

coal tar sealcoats. Coal tar sealcoat isomer ratios appeared to resemble that in many of the 

sediment samples. To illustrate this PCA analysis was conducted with isomer ratios of 

sources and sediments (Figure 5). The first two PCs explained 77% of the sample 

variance. Sediment samples cluster in the PCA score chart and are similar to that of coal 

tar sealcoat, wood burning, and coking emissions. Sealcoats may have a greater influence 

due to the higher concentration of high molecular weight PAH homologues when 

compared to other sources. Studies have shown that coal tar sealcoat PAHs runoff of 

treated surfaces and may contribute to urban PAH loadings (12, 14, 36). The high 

amounts of impervious surfaces around and within the watersheds of sediment sites 

support the finding that a large portion of the PAH concentrations were related to surface 

runoff. 
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Figure 5 PCA score plot of PAH isomer ratios in sediments (triangles) and sources (circles). 

 

Apportionment 
PAH isomer ratios identified probable sources of PAH deposition in aquatic 

sediments. With this preliminary information, the EPA’s Chemical Mass Balance (CMB) 

model was used to quantitatively apportion each source’s contribution in sediment. 

Sources considered for analysis in CMB included coal gasification, coal tar sealcoat, 

gasoline soot, diesel soot, wood burning, rubber tire, coking emissions, motor oil, coal 

power plant emissions, and asphalt. Coal gasification was included because of close 

proximity to a former gasification plant along the Anacostia River (22).   
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 The EPA CMB model uses factors characteristic of the sources and the 

associated uncertainties to quantify the contribution of a source. CMB has as its central 

computation the following relation in Equation 1: 

 

 𝐹𝑗 = ∑ 𝜃𝑗𝑖𝛼𝑖 + 𝑒𝑗(1 ≤ 𝑗 ≤ 𝑚)𝑛
𝑖=1  

Equation 1 Chemical Mass Balance Equation.  
 

Fj is the measured concentration of the jth PAH homologue in the sample, n is the 

number of sources used in the model, m is the number of markers used in the model, Ɵji 

is the concentration of the jth PAH in the ith source αi indicates the source contribution 

factor, and ej is the error associated with the jth PAH analysis. 

The most explicit assumption of the CMB model is that compositions of the 

source emissions are constant from formation to deposition. To compensate for this 

assumption PAH concentration in sediments were adjusted using the same reaction 

assumptions applied when analyzing isomer ratios. 
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Figure 6 PAH marker ratios for selected sources used in CMB 

 

When using CMB ver. 8.2 fitting statistics include (i) acceptable mass balance 

ranges from 80-120%, (ii) R2 above 0.80, and (iii) χ2 below 4.0 (27). Sources were 

eliminated from consideration over several iterations and comparison of fitting statistics. 

Summarized in Table 5 are evaluations with the best fitting statistics. All evaluations 

shown in Table 5 used the same PAH marker set (including, Ph, An, Fl, Py, Ba, BeP, 

BaP, Ip, and BgP) because these PAH homologues yielded the best fitting statistics (see 

Figure 6). Sequential source elimination was conducted to remove any sources with 

negative contributions to sediment concentrations, concluding those particular sources 

did not significantly contribute to the PAH concentrations observed in sediments. 
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Table 5 Summary of CMB results 
Fitting Sources 

Run # 1 2 3 4 5 6 7 8 

Asphalt X X X X X X X X 

Coal Tar Sealcoat X 
 

X X X X 
 

X 

Gas X X X X X X X X 

Diesel 
     

X X X 

Coking X X 
  

X X X 
 

Coal Power Plant 
  

X X X X X X 

Coal Gasification 
  

X 
     

Result Statistics 

N 10 10 10 10 9 10 8 10 

Mass% 
 

Average 85.2 100.5 85.5 84.8 85.7 86.8 98.5 85.8 

Max 94.2 108.2 96.9 94.9 94.2 94.3 108.2 95.0 

Min 78.3 90.5 67.1 71.1 78.3 78.3 80.5 71.1 

R2 
 

Average 0.89 0.82 0.87 0.88 0.90 0.90 0.85 0.89 

Max 0.95 0.89 0.95 0.95 0.95 0.95 0.90 0.95 

Min 0.83 0.75 0.82 0.82 0.85 0.83 0.80 0.82 

χ2 
 

Average 2.69 3.67 2.44 2.31 2.59 2.64 3.20 2.28 

Max 6.88 7.77 5.45 5.45 6.88 6.88 7.77 5.45 

Min 0.17 0.26 0.22 0.18 0.18 0.15 0.25 0.16 

 
 

Sources eliminated from CMB results included rubber tire, asphalt binder, coal 

gasification, coal power plant, and motor oil. Run numbers 2 and 7 had coal tar sealcoats 
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removed as a source in the model. In these evaluations the mass percent accounted for 

was high, however additional fitting statistics (R2 and χ2) indicated a poor fit. In addition, 

some sediments failed to output results (i.e., N<10), due to colinearity between two or 

more of the fitting sources requiring the addition of another source, in this case coal tar 

sealcoat. Run 6 was selected for analysis as it had the highest R2 fit, a low χ2 value, and a 

high mass balance. The individual sediment fitting results from run 6 are summarized in 

Table 6. 

 

Table 6 Percent mass accounted for, R2, χ2, and degrees of freedom (DOF) of EPA CMB 8.2 results of run 6 
from Table 5. 
 
 A1 A2 A3 A4 A5 A6 M C P1 P2 

% Mass 82 78 86 89 79 87 87 94 90 94 

R2 0.93 0.95 0.85 0.90 0.87 0.83 0.94 0.85 0.94 0.93 

χ2 0.34 0.33 6.9 3.2 2.7 4.1 1.3 5.5 0.15 1.9 

DOF 6 7 6 6 7 6 5 6 4 4 

 
 

Source apportionment results obtained by the CMB model are shown in Figure 7. 

The dominant contributing sources to PAH contamination in sediments were found to be 

derived from gasoline soot and coal tar sealcoats. Other contributors varied substantially 

by sample location. Emissions from coke production had an influence on most samples, 

but did not appear to be major. Coking influences seemed consistent across most sample 

locations this may be due to coking-derived PAHs being a widely dispersed atmospheric 

pollutants and with a large number of production plants located within the greater 
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Washington, DC area airshed (37–39), including high coal burning regions in the Ohio 

valley. 

 

 
Figure 7 Percent contribution to PAH levels in sediment samples. Gasoline soot and coal tar sealcoat appear to 
be major contributors to PAH contamination within sediments analyzed 

 

In sample sites A2 and A5, the model fit was nearly outside the acceptable range 

in mass percent. The lack of a fit in these samples may be due to an unaccounted source. 

Most samples have a contribution from coking oven except for sediments A2 and A5, and 

this was a possible source that was not being accounted for. The sediment seemed to vary 
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in the degree of influence; however, in many sediments, gasoline soot and coal tar 

sealcoat appeared to be major contributors. 

 

 
Figure 8 Area of impervious surface in the Washington, DC region (Data from National Land Cover Database 
2001 (NLCD 2001) (40)) 

 

The influence of coal tar sealcoat was greatest at locations A1 and A2. This 

appeared to fit with observation of the C/N ratio being high showing the terrestrial 

influence on carbon loadings, and with the location being closest to the DCWSA’s CSOs 

9-12 (24). High amounts of impervious surfaces in the Lower Anacostia River watershed 
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shown in Figure 8 also lead to the conclusion that the sampling sites were strongly 

influenced by impervious surface runoff. 

 Sites A3 and A4 have fits that are within the acceptable mass percent and R2 

values indicating the model had good fit. At these locations, gasoline soot appeared to 

dominate the sediment contamination with coal tar sealant having a contribution followed 

by coking. The heavy influence of gasoline soot fit with the sample locations being 

located in a local marina It was expected that combustion from boat traffic would heavily 

influence the PAH contamination and that petrogenic sources would heavily influence 

hydrocarbon contamination. Coal tar sealcoat still had a major influence on the PAH 

contamination levels, but not as high as those seen in locations A1 and A2 in the most 

densely urbanized locations. While the sediments are within the Lower Anacostia River 

watershed, sediments A3 and A4 were further downstream from the CSO explaining a 

lower influence from runoff sources such as coal tar sealcoats. Sediments A5 and A6 had 

similar results to those of locations A3 and A4. While contained within the Pimmit Run-

Potomac River sub-watershed, they shared similar watershed characteristics and are both 

located within a marina where boat traffic was expected to influence PAH concentrations. 

 Location M fell within the Fourmile Run-Potomac River watershed. This 

watershed had a large percent of impervious surfaces (Figure 8). The sample location was 

within a heavily wooded area and adjacent a pedestrian trail. Sample site C showed 

similar contributions to that of site M with less coal tar sealcoat influence. Sample site C 

was located near the end of the Accotink Creek watershed. Figure 8 shows that the 

Accotink Creek watershed is located within a suburban environment with less impervious 
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surface when compared to urbanized watersheds of the Lower Anacostia, Pimmit Run-

Potomac River, and Fourmile Run-Potomac River. The immediate sample area was less 

developed with little impervious surfaces reducing direct runoff to the sample site. 

Explanation of the conclusion of less runoff sources such as coal tar sealcoat and a higher 

contribution from atmospheric influences such as gasoline soot and coking emissions.  

Samples from location P1 and P2 were located within a sedimentation pond 

within the Pohick Creek watershed. While much of the Pohick creek watershed showed 

less impervious surface, the immediate sampling area was a sedimentation pond for 

runoff from large parking lots on the George Mason University campus. This 

environment was reflected in the CMB results with a high influence from coal tar 

sealcoat. The sample locations also had the unique feature of a significant influence from 

diesel soot. The area has seen an increase in construction activity as new building 

projects have been constructed requiring the use of large diesel-powered equipment that 

appeared to have an influence on the PAH contamination within the local sedimentation 

pond. 

From the CMB results a correlation was observed between the loadings of 

gasoline soot and coal tar sealcoat to the total concentration of PAHs and is illustrated in 

Figure 9. This indicated that as the total PAHs in a sediment sample increased, the 

expected contribution from gasoline soot and coal tar sealcoat also increased. Coal tar 

sealcoats contribution to studied sediments averaged 30% (12%-63%) of the total PAH 

contamination. This source affects the sediment quality due to runoff from treated 
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surfaces. The concentration of PAHs are so high in coal tar sealcoats that there is 

considerable runoff into the water phase despite the hydrophobic nature of PAHs (12). 

 

 
Figure 9 Correlation of loadings from gasoline soot (top) and coal tar sealcoats (bottom) with the total 
concentrations of PAHs in sediment samples. As the concentration of PAHs increased in sediment the 
contribution from gasoline soot and coal tar sealcoat also increased. 
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When a comparison was made between the different methods of determining the 

sources, similar results were obtained. Initial conclusions based on the fused ring 

composition of PAHs within sediments indicated primarily a pyrogenic source, such as 

gasoline. In the isomer ratios, all sediments appeared to have an influence between the 

gasoline soot and coal tar sealcoats. The CMB results also indicated a major influence by 

gasoline soot and coal tar sealcoat. 

Similar studies that used source apportionment models to determine PAH 

contributors include Dickhut et al. that showed gasoline soot from automotive sources to 

be contributors to PAH concentrations in Chesapeake Bay sediments (17). Studies by Li 

et al. have identified traffic sources (27%-63%) and coking emissions (21%-53%) to be 

major contributors to sediment PAH contamination in Lake Calumet, Chicago (18). 

Similar results were obtained in a study of sediments in the Ashtabula River, Ohio where 

highway dust (78.1%-83.8%), coke oven (16.8%-22.8%) and wood burning (0.1%-2.2%) 

were identified to be contributors of PAH levels in Ashtabula River sediment (41). A 

study of the Lower Fox River, Wisconsin was conducted by Su et at. and determined that 

highway dust and coking oven emissions were major contributors (42). Similar results 

were also obtained in a study of sediments from the Black River, Ohio (43). In all of 

these studies, the common sources of coking emissions and highway dust were observed. 

Most of the sites were located within urban areas in the eastern United States where use 

of coal tar sealcoats are more common then asphalt sealcoats (13). This study further 

investigated primary sources of gasoline soot and the coal tar sealcoats by analyzing the 

sources. EPA CMB 8.2 was used to determine sediment PAH contributors in the 
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Washington, DC region and identified gasoline soot as the main contributor (15%-72%) 

to many of the sediments, with the influence from coking emissions (4%-49%) and 

showed coal tar sealcoats (12%-63%) as a major contaminate to urban sediment PAH 

concentrations.  

Coal tar sealcoats are produced from byproducts of the coking process and 

contain high levels of PAHs that have an average contribution of 30% to the total PAH 

contamination in studied sediments. Bans on coal tar sealcoats are currently being 

implemented in several areas across the country however; it may be several years before 

the contribution of this source begins to diminish due to the high concentrations of PAHs 

and the longevity of this product. 
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